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Abstract

The inclusive B ! Xs`
+
`
� 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 ! Xs`

+
`
� 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 ! Xs`
+
`
� 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 ! Xs`

+
`
� at Belle II experiment. The obtained results are

B(B ! Xse
+
e
�) = [4.86+2.75

�2.42(stat)+1.02
�0.92(syst)] ⇥ 10�6 (1)

B(B ! Xsµ
+
µ

�) < 4.67(5.61) ⇥ 10�6 at 90%(95%) CL (2)

B(B ! Xs`
+
`
�) < 5.54(6.30) ⇥ 10�6 at 90%(95%) CL (3)

Because the statistical significance on B ! Xsµ
+
µ

� and B ! Xs`
+
`
� is less than 2�, the upper limit on

the branching fraction is set for these modes. The branching fraction of B ! Xse
+
e
� and B ! Xsµ

+
µ

�

is consistent with previous measurements and the SM prediction. Result of B ! Xs`
+
`
� is consistent

with the world average, Belle measurement and the SM prediction, while the di↵erence from BaBar is at
1.4� level.

The analysis procedure of B ! Xs`
+
`
� 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

(⇤)
`
+
`
� 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 e↵ort 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 1.1 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`

+
`
� 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
(⇤)
`
+
`
� decays, which is proceeded by b ! s`

+
`
� 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

0
5
, in B ! K

⇤
µ

+
µ

� decays is at 2.9� level
[3]. In the measurement of the ratio of branching fraction between muon modes and electron modes
RK(⇤) = B(B ! K

(⇤)
µ

+
µ

�)/B(B ! K
(⇤)

µ
+
µ

�), the deviation at 2.5� 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, µ and ⌧ 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 ! Xs`
+
`
� decays provide a complementary information to exclusive B ! K

(⇤)
`
+
`
�.

The hadronic uncertainties in inclusive decays are under better control and are largely independent of
those in exclusive ones. All existing B ! Xs`

+
`
� 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 ! Xs`

+
`
� decays. Sensitivity at Belle II with full integrated

luminosity is expected to be su�cient to play a decisive role to search for new physics.
In this paper, we report the measurement of the branching fractions of B ! Xs`

+
`
� decays at Belle

II experiment. We use a data sample containing 37.7 ⇥ 106
BB pairs corrected by Belle II with the

SuperKEKB accelerator. This is the first measurement on B ! Xs`
+
`
� decays at Belle II and opens a

new era in the flavor physics.
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0
1 [BR(Z⌧)=1, BR(Ze)=1]

LFV pp!⌫̃⌧ + X, ⌫̃⌧!eµ/e⌧/µ⌧ eµ,e⌧,µ⌧ 3.2 �0311=0.11, �132/133/233=0.07 1607.080791.9⌫̃⌧

�̃±1 �̃
⌥
1 /�̃

0
2 ! WW/Z````⌫⌫ 4 e, µ 0 jets Emiss

T 36.1 m(�̃0
1)=100 GeV 1804.036021.33�̃±1 /�̃

0
2 [�i33 , 0, �12k , 0] 0.82�̃±1 /�̃
0
2 [�i33 , 0, �12k , 0]

g̃g̃, g̃!qq�̃0
1, �̃0

1 ! qqq 4-5 large-R jets 36.1 Large �00112 1804.035681.9g̃ [m(�̃0
1)=200 GeV, 1100 GeV] 1.3g̃ [m(�̃0
1)=200 GeV, 1100 GeV]

Multiple 36.1 m(�̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [�00

112
=2e-4, 2e-5] 1.05g̃ [�00

112
=2e-4, 2e-5]

t̃t̃, t̃!t�̃0
1, �̃0

1 ! tbs Multiple 36.1 m(�̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [�00

323
=2e-4, 1e-2] 0.55t̃ [�00

323
=2e-4, 1e-2]

t̃t̃, t̃!b�̃±1 , �̃±1 ! bbs � 4b 139 m(�̃±1 )=500 GeV ATLAS-CONF-2020-0160.95t̃̃t Forbidden
t̃1 t̃1, t̃1!bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1!q` 2 e, µ 2 b 36.1 BR(t̃1!be/bµ)>20% 1710.055440.4-1.45t̃1
1 µ DV 136 BR(t̃1!qµ)=100%, cos✓t=1 2003.119561.6t̃1 [1e-10< �0

23k
<1e-8, 3e-10< �0

23k
<3e-9] 1.0t̃1 [1e-10< �0

23k
<1e-8, 3e-10< �0

23k
<3e-9]

Mass scale [TeV]10�1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2020

ATLAS Preliminaryp
s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

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`

+
`
� are described in Chapter 2. The Belle II experiment and SuperKEKB accelerator are explained in

Chapter 3. 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 8. Measurement of
the branching fraction on B ! XsJ/ control samples is shown for validation of the analysis procedure
in Chapter 9. Obtained results of the branching fraction of B ! Xs`

+
`
� and discussion are described in

Chapter 10. Finally, we conclude this paper in Chapter 11.



Chapter 2

Physics Motivation

2.1 Overview

The goal of this thesis is to perform the measurement of the branching fraction of B ! Xs`
+
`
� decays

as the first measurement on the B ! Xs`
+
`
� process at the Belle II experiment.

Radiative penguin b ! s(d)� decay and electroweak penguin b ! s(d)`+`� and b ! s(d)⌫⌫ 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 2.1 shows the
SM Feynman diagrams of these decays. In the SM, t-quark and weak bosons Z

0
, 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`
+
`
� decay has been firstly observed by Belle in b ! s`

+
`
� transition [29]. The branching

fraction of b ! s`
+
`
� is O(10�6) which is two orders of magnitude smaller than b ! s� because of

additional vertex leading ↵em 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`

+
`
�.
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(a) b ! s(d)�
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(c) b ! s(d)⌫⌫

FIG 2.1: Feynman diagrams of radiative and electroweak penguin decays in the SM. (a) b ! s(d)�, (b)
b ! s(d)`+`�, (c) b ! s(d)⌫⌫

2.2 E↵ective Hamiltonian

Flavor changing process is described from wide mass scale from ⇤QCD ⇠ 400 MeV over mb ⇠ 4.3 GeV
to MW = 80.4 GeV and Mt ⇠ 165 GeV. In scale of mb and above, the QCD e↵ects can be calculated
with perturbation theory, though it is di�culty for the dynamics associated with the energy scale ⇤QCD.
The e↵ective Hamiltonian is described using the operator product expansion technique to separate these
di↵erent scales [30] [31] [32]. In this framework, the e↵ective Hamiltonian for b ! s transitions in the
SM are given by [33]

HSM

e↵
= �4GFp

2

"
�

s
t

10X

i=1

Ci(µ)Oi(µ) + �
s
u

2X

i=1

Ci(µ)(Oi(µ) � Ou
i (µ))

#
(2.1)

where GF is the Fermi constant, �s
q is a product of CKM matrix elements such as �s

t = VtbV
⇤
ts, and µ is the

energy scale at which the calculation is being performed. There is the unitary relation, �s
u + �

s
c + �

s
t =
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0. The Oi are local operators providing the “long-distance” descriptions. The each operator has an
associated Wilson coe�cient Ci which describes “short-distance” physics with the perturbation theory.
The Wilson coe�cients Ci are evaluated at a scale µW which is of the order of the W -boson mass. The
renormalization group equation can be used to evolve the Ci to the scale µb which is of the order of the
mb.

Expressions of the current-current (O1,2), photonic dipole (O7), gluonic dipole (O8), and the vector
and axial-vector of electroweak penguin (O9 and O10) are described as follows:

O1 = (sL�µT
a
cL)(cL�

µ
T

a
bL), (2.2)

O2 = (sL�µcL)(cL�
µ
bL), (2.3)

O7 =
e

16⇡2
mb(sL�

µ⌫
bR)Fµ⌫ , (2.4)

O8 =
e

16⇡2
mb(sL�

µ⌫
T

a
bR)Ga

µ⌫ , (2.5)

O9 =
e

16⇡2
mb(sL�µbL)

X

`

(`�µ
`), (2.6)

O10 =
e

16⇡2
mb(sL�µbL)

X

`

(`�µ
�5`). (2.7)

where T
aare the SU(3)c generators, Fµ⌫ and G

a
µ⌫ are the photon and gluon field-strength tensors. The

subscripts L and R represent the chirality of the quark fields. The operators Ou
1,2 are obtained from O1,2

by replacing the c-quark by u-quark fields. The sums run over the quark flavors q = u, d, s, c, 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 coe�cient C1,2 ⇠ 1 at the µb scale. In comparison, C3,4,5,6 are very small at the scale and
hence contributions from the four-quark (O3,4,5,6) operators

O3 = (sL�µbL)
X

q

(q�µ
q), (2.8)

O4 = (sL�µT
a
bL)

X

q

(q�µ
T

a
q), (2.9)

O5 = (sL�µ1�µ2�µ3bL)
X

q

(q�µ1�
µ2�

µ3q), (2.10)

O6 = (sL�µ1�µ2�µ3T
a
bL)

X

q

(q�µ1�
µ2�

µ3T
a
q). (2.11)

can be neglected. In the electroweak penguin decays b ! s`
+
`
�, the operators O7,9,10 are the most

relevant. Figure 2.2 shows the Feynman diagrams of b ! s`
+
`
� process in the E↵ective Hamiltonian

framework. The values of Wilson coe�cients are followings, C7(µb) = �0.330, C9(µb) = 4.069, C10(µb) =
�4.231 [34] [35]. The e↵ects of new physics beyond the SM can appear through modified values of Wilson
coe�cients and/or through additional operators with di↵erent chirality or flavor structure.

! "

ℓ

ℓ

$!

!

(a) O7 contribution

! "

ℓ
ℓ

$!,#$
(b) O9,10 contribution

FIG 2.2: Feynman diagrams of b ! s`
+
`
� process in the E↵ective Hamiltonian framework. (a) O7

contribution, (b) O9,10 contribution.
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2.3 Inclusive B ! Xs`+`� decays

Inclusive B ! Xs`
+
`
� decays, where Xs is an inclusive hadronic state including a s-quark, provide

information to the b ! s`
+
`
� process with good theoretical predictions. Compared with exclusive

B ! K
(⇤)
`
+
`
� 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 ! Xs`

+
`
�, the di-lepton invariant mass-squared q

2 =
M`+`� and the angle between direction of `+ [`�] and initial direction of B

0 or B
� [B0 or B

+] in the di-
lepton centre-of-mass system ✓`. Two observables have been discussed in inclusive B ! Xs`

+
`
� decays,

the q
2 spectrum d�/dq

2 [36] and the forward-backward asymmetry dAFB/dq
2 [37]. They are mainly

related to C7, C9 and C10 and can be derived at lowest order as followings,

d�

dq2
= �0m

3

b(1 � s)2

(|C9|2 + |C10|2)(1 + 2s) +

4

s
|C7|2(2 + s) + 12Re(C⇤

7
C9)

�
, (2.12)

dAFB

dq2
=

Z
1

�1

dz
d
2�

dq2dz
sign(z) = �3�0m

3

b(1 � s)2sRe

✓
C10

✓
C9 +

2

s
C7

◆◆
. (2.13)

where s = q
2
/m

2

b , z = cos ✓` and

�0 =
G

2

F

48⇡3

↵
2
em

16⇡2
|VtbV

⇤
ts|2. (2.14)

An agular decomposition provides a third observable which has di↵erent dependency to the Wilson
coe�cients. The double-di↵erential decay width can be written as following [38].

d
2�

dq2d cos ✓`
=

3

8
[(1 + cos2 ✓`)HT (q2) + 2 cos ✓`HA(q2) + 2(1 � cos2 ✓`)HL(q2)] (2.15)

The q
2 spectrum and the forward-backward asymmetry can be derived from the functions Hi(q2),

d�

dq2
= HT (q2) + HL(q2), (2.16)

dAFB

dq2
=

3

4
HA(q2). (2.17)

The functions Hi(q2) are

HT (q2) = �0m
3

b · 2s(1 � s)2

(|C9 +

2

s
C7|2 + |C10|2

�
, (2.18)

HL(q2) = �0m
3

b · (1 � s)2
⇥
(|C9 + 2C7|2 + |C10|2

⇤
, (2.19)

HA(q2) = �9

4
�0m

3

b(1 � s)2sRe

✓
C10

✓
C9 +

2

s
C7

◆◆
. (2.20)

Additional information on the Wilson coe�cients can be obtained from the lepton flavor universality
test observables,

RXs [q
2

0
, q

2

1
] =

R q2
1

q2
0

dq
2 d�(B!Xsµ+µ�

)

dq2

R q2
1

q2
0

dq2 d�(B!Xse+e�)

dq2

. (2.21)

Prediction of RXs in the SM is unity with high precision due to the lepton flavor universality. Taking
interference BSM e↵ect with the SM into account, RXs can be approximated by [39]

RXs ' 1 + (�+ + ��)/2, (2.22)

�± =
2

|CSM
9

|2 + |CSM
10

|2

2

4
X

i=9,10

Re
⇣
C

SM

i (CNPµ
i + C

0µ
i )

⌘
+

X

i=9,10

Re
⇣
C

SM

i (CNPe
i + C

0e
i )

⌘
3

5 (2.23)

C
0
is the Wilson coe�cient of the chirality flipped operator which is zero in the SM. The labels SM and

NP denote the SM and new-physics contributions, respectively (CNP = C � C
SM).



6 2.4. EXCLUSIVE B ! K
(⇤)
`
+
`
� DECAYS

Measurements of B ! Xs`+`�

Belle and BaBar experiments have already performed measurements on B ! Xs`
+
`
� [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 ⇥ 106
BB pairs [17] and in BaBar

using 471 ⇥ 106
BB pairs [16]. The measurements and world average by Heavy Flavor Averaging Group

(HFLAV) [1] is summarized in TABLE 2.1. The SM prediction on the branching fraction is shown in
TABLE 2.2 [42] [35]. All measurements are consistent with the SM predictions. While measurement
of RXs has not been performed in previous experiments, the measurements of the branching fraction at
BaBar correspond to RXs = 0.57+0.18

�0.17 assuming the systematic uncertainties are negligible in the RXs

due to taking ratio. The di↵erence from the unity is at 2.4� level. This is also consistent with the trend
of RK(⇤) anomalies which are discussed in the following section. Belle II will perform measurements using
large statistics leading smaller statistical uncertainty.

TABLE 2.1: Measurements of the branching fraction on B ! Xs`
+
`
� decays.

Experiment B(B ! Xse
+
e
�) [10�6] B(B ! Xsµ

+
µ

�) [10�6] B(B ! Xs`
+
`
�) [10�6]

Belle (M`+`� > 0.2 GeV) 4.05 ± 1.30+0.87
�0.83 4.13 ± 1.05+0.85

�0.81 4.11 ± 0.83+0.85
�0.81

BaBar (M2

`+`� > 0.1 GeV2) 7.69+0.82+0.71
�0.77�0.60 4.41+1.31+0.63

�1.17�0.50 6.73+0.70+0.60
�0.64�0.56

World Average (HFLAV) 6.67 ± 0.82 4.27+0.98
�0.91 5.84 ± 0.69

TABLE 2.2: The SM prediction of the branching fraction on B ! Xs`
+
`
� decays.

B(B ! Xse
+
e
�) [10�6] B(B ! Xsµ

+
µ

�) [10�6] B(B ! Xs`
+
`
�) [10�6]

6.89 ± 1.01
4.2 ± 0.7 (M`+`� > 0.2 GeV)

4.15 ± 0.70 4.18 ± 0.70

The forward-backward asymmetry is firstly measured in Belle using 772 ⇥ 106
BB pairs [2] as a

function of q
2. Figure 2.3 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 ! Xs`
+
`
� is important. The B ! Xs`

+
`
� decays are reconstructed with a sum-of-exclusive

method, in which Xs is reconstructed from a lot of exclusive final states. High reconstruction e�ciency 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 ! Xs`

+
`
� thanks to the low background environment. Belle II

is a unique experiment to achieve the measurements on B ! Xs`
+
`
� 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 ! Xs`
+
`
� decays, which has been used in B !

Xs� decays, is being explored with dedicated simulation studies. Only di-lepton `
+
`
� is reconstructed

explicitly and Xs state is obtained as the recoil in this method. E�cient background suppression is key
to the success.

2.4 Exclusive B ! K(⇤)`+`� decays

In the exclusive B ! K
(⇤)
`
+
`
� decays, q

2 and ✓` are also important kinematic observables. In addition
to them, two helicity angles ✓K and � can be used in B ! K

⇤(! K⇡)`+`� decays. The ✓K 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/ (! `

+
`
�) and  (2S)(! `

+
`
�) 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 e↵ect.

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

1

d(� + �/dq2)

d
4(� + �)

dq2d cos ✓`d cos ✓Kd�
=

9

32⇡


3

4
(1 � FL) sin2

✓K + FL cos2 ✓K

+
1

4
(1 � FL) sin2

✓K cos 2✓`

� FL cos2 ✓K cos 2✓` + S3 sin2
✓K sin2

✓` cos 2�

+ S4 sin 2✓K sin 2✓` cos�+ S5 sin 2✓K sin ✓` cos�

+
4

3
AFB sin2

✓K cos ✓` + S7 sin2
✓K sin ✓` sin�

+ S8 sin 2✓K sin 2✓` sin�+ S9 sin2
✓K sin2

✓` sin 2�
⇤
. (2.24)

where FL is the fraction of the longitudinal polarication of the K
⇤ meson and Si are CP -averaged

observables [43]. To cancel the B ! K
⇤ form-factor uncertainties, other notation of observables are also

defined.

P
0
4,5,6,8 =

S4,5,6,8p
FL(1 � FL)

. (2.25)

Each observable has independent dependence to the Wilson coe�cient and can be compared with the
SM prediction. The exclusive B ! K

⇤
`
+
`
� provides rich information to set constraints on the Wilson

coe�cients from these observables.
In analogy to RXs , the lepton flavor universality observables RK(⇤) have additional information to the

Wilson coe�cient.

RK(⇤) [q2

0
, q

2

1
] =

R q2
1

q2
0

dq
2 d�(B!K(⇤)µ+µ�

)

dq2

R q2
1

q2
0

dq2 d�(B!K(⇤)e+e�)

dq2

. (2.26)
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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 �± 2.23

RK ' 1 + �+, (2.27)

RK⇤ ' 1 + �+ � p(�+ � ��). (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 RK , RK⇤ and RXs 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
⇤
, K

0
S ,⇡

0 which are formed from the stable particles. The
B-factory experiments, Belle and BaBar, have advantages on the reconstruction e�ciency on electron
modes thanks to the high resolution electromagnetic calorimeter. Also the neutral particle such as �, ⇡0

and K
0
S can be detected e�ciently. Experiments with hadron collier, such as LHCb, CMS, ATLAS, and

CDF have large statistics of B meson and high muon reconstruction e�ciency, 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 ! K
(⇤)

µ
+
µ

� [47]. The world average by
HFLAV [1] on the branching fraction of B ! K

(⇤)
`
+
`
� is shown in TABLE 2.3. TABLE 2.4 shows the

SM prediction on the branching fraction [42] [35]. The uncertainties on the predictions are large compared
with those of B ! Xs`

+
`
� shown in TABLE 2.2 due to the irreducible form factor uncertainty.

TABLE 2.3: Measurements of the branching fraction on B ! K
(⇤)
`
+
`
� decays averaged by HFLAV [1].

Mode e
+
e
� [10�6] µ

+
µ

� [10�6] `
+
`
� [10�6]

B ! K`
+
`
� 0.44 ± 0.06 0.44 ± 0.04 0.48 ± 0.04

B ! K
⇤
`
+
`
� 1.19+0.17

�0.16 1.06 ± 0.09 1.05 ± 0.10

TABLE 2.4: The SM prediction of the branching fraction on B ! K
(⇤)
`
+
`
� decays.

Mode e
+
e
� [10�6] µ

+
µ

� [10�6]

B ! K`
+
`
� 0.35 ± 0.12 0.35 ± 0.12

B ! K
⇤
`
+
`
� 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 2.4, LHCb experiment has reported a discrepancy
in the P

0
5

variables with B
0 ! K

⇤0
µ

+
µ

� decay at 2.5� and 2.9� level in the 4.0 < q
2

< 6.0 GeV2 and
6.0 < q

2
< 8.0 GeV2 regions, respectively [3]. Belle experiment has performed the angular analysis using

B ! K
⇤
e
+
e
� and B ! K

⇤
µ

+
µ

� separatly [4]. In the observable P
0
5
, a tension by 2.6� in q

2 2 [4, 8] GeV2

is observed in the muon mode. In the same region, the electron mode deviates by 1.3�. Measurement

of the lepton-flavor-violating observables Q5 = P
0µ
5

� P
0e
5

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 RK = 0.846+0.060+0.016
�0.054�0.014 in q

2 2 [1.1, 6.0] GeV2 [26] and RK⇤ = 0.69+0.11
�0.07±0.05

in q
2 2 [1.1, 6.0] GeV2 [27] deviates by 2.5� and 2.5� from the unity. Measurement on BaBar [45] and Belle

[46] are compatible with the SM prediction and the LHCb results. Figure 2.6 summarizes measurements
on RK and RK⇤ .
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FIG 2.4: Measurement of the CP -averaged observable P
0
5

in LHCb [3]. Black dots with error bars
represent the measurement and orange boxes show the SM prediction.

6

TABLE I. Fit results for P �
4 and P �

5 for all decay channels and separately for the electron and muon modes. The first uncertainties
are statistical and the second systematic.

q2
in GeV

2/c2 P 0
4 P e

4
0 P µ

4
0 P 0

5 P e
5

0 P µ
5

0

[1.00, 6.00] �0.45+0.23
�0.22 ± 0.09 �0.72+0.40

�0.39 ± 0.06 �0.22+0.35
�0.34 ± 0.15 0.23+0.21

�0.22 ± 0.07 �0.22+0.39
�0.41 ± 0.03 0.43+0.26

�0.28 ± 0.10

[0.10, 4.00] 0.11+0.32
�0.31 ± 0.05 0.34+0.41

�0.45 ± 0.11 �0.38+0.50
�0.48 ± 0.12 0.47+0.27

�0.28 ± 0.05 0.51+0.39
�0.46 ± 0.09 0.42+0.39

�0.39 ± 0.14

[4.00, 8.00] �0.34+0.18
�0.17 ± 0.05 �0.52+0.24

�0.22 ± 0.03 �0.07+0.32
�0.31 ± 0.07 �0.30+0.19

�0.19 ± 0.09 �0.52+0.28
�0.26 ± 0.03 �0.03+0.31

�0.30 ± 0.09

[10.09, 12.90] �0.18+0.28
�0.27 ± 0.06 - �0.40+0.33

�0.29 ± 0.09 �0.17+0.25
�0.25 ± 0.01 - 0.09+0.29

�0.29 ± 0.02

[14.18, 19.00] �0.14+0.26
�0.26 ± 0.05 �0.15+0.41

�0.40 ± 0.04 �0.10+0.39
�0.39 ± 0.07 �0.51+0.24

�0.22 ± 0.01 �0.91+0.36
�0.30 ± 0.03 �0.13+0.39

�0.35 ± 0.06

FIG. 3. Q4 and Q5 observables with SM and favored NP
“Scenario 1” from Ref. [9].

by 2.5� (including systematic uncertainty). All measure-
ments are compatible between lepton flavors. The Q4,5

observables are presented in Table II and Fig. 3, where
no significant deviation from zero is discerned.

In conclusion, the first lepton-flavor-dependent angular
analysis measuring the observables P

0
4

and P
0
5

in the B !
K

⇤
`
+
`
� decay is reported and the observables Q4,5 are

shown for the first time. The results are compatible with
SM predictions, where the largest discrepancy is 2.6� in
P

0
5

for the muon channels.

TABLE II. Results for the lepton-flavor-universality-violating
observables Q4 and Q5. The first uncertainty is statistical and
the second systematic.

q2
in GeV

2/c2 Q4 Q5

[1.00, 6.00] 0.498 ± 0.527 ± 0.166 0.656 ± 0.485 ± 0.103
[0.10, 4.00] �0.723 ± 0.676 ± 0.163 �0.097 ± 0.601 ± 0.164
[4.00, 8.00] 0.448 ± 0.392 ± 0.076 0.498 ± 0.410 ± 0.095
[14.18, 19.00] 0.041 ± 0.565 ± 0.082 0.778 ± 0.502 ± 0.065
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Figure 1: Comparison of the LHCb RK measurements with previous experimental results from
LHCb [1] and the B factories [2, 3]. The LHCb Run 1 result is greyed out since it is superseded
by the new result.

Figure 2: Fits to the m�(2S)(K
+
`
+
`
�) invariant-mass distribution of (left)

B
+ !  (2S)(! e

+
e
�)K+ and (right) B

+ !  (2S)(! µ
+
µ

�)K+ candidates. Electron
(muon) candidates are required to have 9.92 < q

2
< 16.40 GeV2

/c
4 (12.5 < q

2
< 14.2 GeV2

/c
4).

1
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q2 [GeV2/c4]
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K
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FIG 2.6: Measurement of the lepton-flavor-universality test observables RK (Left) and RK⇤ (Right).

2.5 Constraints on the Wilson coe�cients

A model-independent global fit based on the E↵ective 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 Bs ! µ

+
µ

� [48] [49] [50] and Bs ! �µ
+
µ

� [51] are combined to set constraints on the
Wilson coe�cients. Constraints on the Wilson coe�cients are investigated by several groups [6] [52].
Figure 2.7 shows contours in 2D planes of the Wilson coe�cients given by [6]. The di↵erence between the
SM prediction and best fit values is at more than 5� level for these three cases. Smaller C9 than the SM
prediction only in the muon mode is favored from the fits, which may imply the lepton flavor universality
violation. 4

FIG. 1. From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding 2D

hypotheses, using all available data (fit “All”) upper row or LFUV fit lower row.

FIG. 2. Preferred regions (at the 1, 2 and 3 � level) for the Lµ � L� model of Ref. [17] from b ! s`+`� data (green) in the

(mQ, mD) plane with Y D,Q = 1. The contour lines denote the predicted values for R[1.1,6]
K (red, dashed) and R[1.1,6]

K⇤ (blue,
solid).

FIG 2.7: Constraints on the Wilson coe�cients in (CNPµ
9

, C
NPµ
10

), (CNPµ
9

, C
0µ
9

), and (CNPµ
9

, C
NPe
9

) from
left to right [6]. NP denotes new-physics contribution, C

NP = C �C
SM. 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, 3� constraints.

2.6 Interplay of inclusive and exclusive b ! s`+`�

An impact from the Belle II measurements on inclusive B ! Xs`
+
`
� decays with an integrated luminosity

of 50 ab�1 to the anomalies which have been observed on exclusive B ! K
(⇤)
`
+
`
� is discussed in this

section. The sensitivities for inclusive B ! Xs`
+
`
� observables are estimated in [7]. From the branching

fraction and forward-backward asymmetry, the constraints on the Wilson coe�cients C9 and C10 are
derived. Contours shown in FIG 2.8 are the Belle II sensitivities for each significance. For example,
C

NP
9

(⌘ C9 � C
NP
9

) = �1 can be excluded at 5� 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 [8]. If the true values are at the global fit result, the inclusive analyses will exclude the SM with
6� 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 ! Xs`

+
`
�

measurements at Belle II play a critical role to search for new physics.

1

2

3

4
5

6

77

88

1010

Belle-2 Projections: Inclusive b�sll
Huber, Ishikawa, Virto '2016
Contours: SM Pull with 50/ab: BR & AFB
Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])
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-0.5
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C9
NP

C
10N
P

Fig. 92: Exclusion contours in the C
NP
9 – C

NP
10 plane resulting from future inclusive b ! s`

+
`
�

measurements at Belle II. For comparison the constraints on C
NP
9 and C

NP
10 following from

the global fit presented in [595] is also shown.

The B ! K
(⇤)

⌫⌫̄ decays provide clean testing grounds for new dynamics modifying the

b ! s transition [596–598]. Unlike in other B-meson decays, factorisation of hadronic and

leptonic currents is exact in the case of B ! K
(⇤)

⌫⌫̄ because the neutrinos are electrically

neutral. Given the small perturbative and parametric uncertainties, measurements of the

B ! K
(⇤)

⌫⌫̄ decay rates would hence in principle allow to extract the B ! K
(⇤) form factors

to high accuracy.

Closely related to the B ! K
(⇤)

⌫⌫̄ modes are the B decays that lead to an exotic final

state X, since the missing energy signature is the same. Studies of such signals are very

interesting in the dark matter context and may allow to illuminate the structure of the

couplings between the dark and SM sectors [599].

B ! K
(⇤)

⌫⌫̄ in the SM. Due to the exact factorisation, the precision of the SM prediction

for the branching ratios of B ! K
(⇤)

⌫⌫̄ is mainly limited by the B ! K
(⇤) form factors

and by the knowledge of the relevant CKM elements. The relevant Wilson coe�cient is

known in the SM, including NLO QCD and NLO EW correction to a precision of better

than 2% [387, 388, 390]. Concerning the form factors, combined fits using results from LCSRs

at low q
2 and lattice QCD at high q

2 can improve the theoretical predictions.

Using
���(s)

t

�� = (4.06 ± 0.16) · 10�2 for the relevant CKM elements, obtained using unitarity

and an average of inclusive and exclusive tree-level determinations of |Vcb|, as well as a

combined fit to LCSR [404] and lattice QCD [600] results for the B ! K
⇤ form factors, one

obtains the following SM prediction for the B ! K
⇤
⌫⌫̄ branching ratio [601]

Br(B ! K
⇤
⌫⌫̄)SM = (9.6 ± 0.9) · 10�6

. (271)

248/690

FIG 2.8: Expected sensitivity on the Wilson coe�cients in (CNP
9

, C
NP
10

) from inclusive B ! Xs`
+
`
�

measurements at Belle II [7]. NP denotes new-physics contribution, C
NP = C � C

SM. Black, red and
blue lines show 1�, 3�, and 5� level constraints, respectively. Red contours show the current global fits
results at level of 1, 2, 3� [8].



Chapter 3

Belle II experiment

The Belle II 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 ⇥ 1035 cm�2s�1, about 40 times larger than KEKB.
The Belle II experiment aims to collect data corresponding to integrated luminosity of 50 ab�1, 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 3.1 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 II detector is placed. The centre-
of-mass energy is

p
s =

p
4Ee�Ee+ = 10.58 GeV.

The beam size at the IP is reduced by a factor of 20, from 1 µm 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 7 GeV 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 3.2) [9] is a complex 4⇡ detector which consists of following sub-detectors.

• Vertex detector (VXD)

• Central Drift Chamber (CDC)

• Time of Propagation (TOP) counter

• Aerogel Ring Imaging Cherenkov (ARICH)

• Electromagnetic Calorimeter (ECL)

• K
0
L-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 e↵ectively. 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 II 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 II 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 E↵ect
Transistor) which allows to make detector thin (50 µm). 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
3.3. 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 3.4. 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 e�ciency of K

0
S ! ⇡

+
⇡

� 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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side of the ladder to minimize the signal path for reducing the capacitive noise; signals from the sensor
backside are transmitted to the chip by bent flexible fan-out circuits. The ladder is assembled using
several dedicated jigs. Sensor motion on the jig is minimized by vacuum chucking. The gluing procedure
provides such a rigid foundation that later leads to the desired wire bonding performance. The full ladder
with electrically functional sensors is consistently completed with a fully developed assembly procedure,
and its sensor offsets from the design values are found to be less than 200 μm. The potential functionality
of the ladder is also demonstrated by the radioactive source test.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Standard Model (SM) of particle physics is completed with
discovery of the Higgs boson by the ATLAS and CMS experiments
at the LHC. However, we have plentiful reason to believe that it
cannot be the full story and there must be a more fundamental
theory. For instance, the SM does not have a suitable dark-matter
candidate nor it can fully explain the observed matter-antimatter
symmetry in universe.

Motivated by quest for physics beyond the SM, we will start the
Belle II experiment [1] in 2018 in KEK, Japan, which is a successor
experiment to Belle [2]. Belle II will collect about 50 ab!1 of data,
provided by the SuperKEKB accelerator [3] colliding e! ð7 GeVÞ to
eþ ð4 GeVÞ, containing BB, τþ τ! , and other qq and ℓþℓ! events. In
the experiment, the measurement of the CP-violating parameter that
appears in a proper-time difference ðΔtÞ distribution of the two B
meson decays, produced from the e! eþ-Υ ð4SÞ resonance, is one of
the key approaches to probe new physics. The Δt can be calculated
from the signed distance ðΔzÞ of B-decay vertices along the beam axis
(z axis) as ΔtCΔz=βγc, where βγ ¼ 0:28 is the Lorentz boost factor of
the center-of-mass system. The typical Δz value is & 130 μm,
assuming the B meson lifetime to be 1.5 ps [4]. Hence, a precise
determination of the B-decay vertex is quite essential for Belle II.

2. Belle II vertex detectors

The Belle II vertex detector is made of two sub-detectors: the
pixel detector (PXD) and silicon vertex detector (SVD). The PXD is
located at the innermost region in the Belle II detector, while the
SVD is located next to it. Monte Carlo simulation estimates that the
combination of the PXD and SVD can determine the transverse
impact parameter d0 of a track of pT ¼ 2 GeV=c with a resolution of
σd0 & 40 μm.

The PXD consists of two cylindrical layers of sensor matrices
made of monolithic silicon. The layer 1 (layer 2), which is located at
r¼14 mm (22 mm), consists of 8 (12) ladders. Each sensor matrix
has 768' 250 DEPFET (depleted p-channel FET) pixel, their size
being 50' 50 μm2 and 50' 85 μm2 for the layer 1 and 2, respec-
tively. The DEPFET is operated in a full depletion mode in order to
obtain more induced charges by a particle hit. The full depletion
also contributes to the fast signal collection; one column
(250 pixels) can be read in 100 ns. High signal to noise ratio of S=
N417 is realized by an internal signal amplification in the FET.
Output from the sensor matrix, after zero suppression has been
performed by the ASIC implemented at the sensor level, is trans-
mitted to the central data acquisition system, through data handling
hybrids, in which the first-level trigger buffer is provided, and
through the homemade ATCA modules, in which an event is par-
tially built from event data fragments. Since the full data size in the
ATCA module is still too large, the sensor hit signals out of the
region of interest (RoI) are discarded there. The RoI is calculated
from track intercept on the sensor matrix. SVD hit signals branched

to a special hardware are used to reconstruct the tracks online for
this purpose.

Detailed description of the SVD is given in the following
sections.

3. Mechanical design

The SVD consists of four layers of double-sided silicon strip
detectors (DSSDs) as shown in Fig.1. It has a polar-angle accep-
tance of 171oθo1501, same as the outer tracking detector. In
order to keep the number of DSSDs reasonable within a relatively
large radial coverage, the layer 4, 5, 6 ladders are designed to have
a slant structure in the forward region with a trapezoidal sensor,
resulting in a lantern shape geometry.

Three kinds of DSSDs are used in the SVD. The layer 3 ladders
employ small rectangular DSSDs, while the layer 4 to 6 ladders use
large rectangular (trapezoidal) DSSDs for the barrel (forward) part.
The long strips are located on the p-side along the z axis, and the
short strips are located on the n-side along the r–ϕ axis. The p-side
of all DSSDs, but the layer 3, faces the beam pipe; the layer
3 DSSDs are oppositely arranged.

The ladder is composed of DSSDs, thermal insulator, readout
hybrids, Origami flexible circuits, and ladder support ribs as shown
in Fig. 2. They are mostly fabricated by gluing with Araldite

s

2011.
Each of the readout hybrids and Origami circuits is equipped with
ten APV25 readout ASIC chips [5]. They are electrically connected
to the sensor strips with flexible fan-out circuits (FlexPA) and
bonding wires. Strip signals in the most forward and backward
DSSDs are transmitted to the ladder end and input to the APV25
chips mounted on the hybrids. The other signals are input to the
APV25 chips located on the DSSD instead of the ladder end to
reduce the capacitive noise by minimizing the signal path. We
coined the “chip-on-sensor” concept to this scheme. The APV25
chips, each of which dissipates 0.35 W, are chilled by two-phase
CO2. Because all APV25 chips on the Origami circuit are aligned to
a single line on the n-side to simplify the cooling pipe routing, the
p-side signals are transmitted to the n-side by a bent FlexPA, as

Fig. 1. A cross sectional side-view of the SVD. Radius and ladder length of the layer
3, 4, 5, 6 are r¼ 38 mm;80 mm;115 mm;140 mm and ℓ¼ 262:0 mm;
390:4 mm;515:6 mm;645:3 mm, respectively. The horizontal bars indicate large
and small rectangular DSSDs, while the slanted ones correspond to the trapezoidal
DSSDs. The slant angles for the layer 4, 5, 6 are 11:91, 16:01, and 21:11, respectively.

K. Adamczyk et al. / Nuclear Instruments and Methods in Physics Research A 824 (2016) 406–410 407

FIG 3.4: Schematic view of SVD longitudinal section. [9]

particle identification detector (TOP). Figure 3.5 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.

CHAPTER 6. CENTRAL DRIFT CHAMBER (CDC)

Table 6.2: Configuration of the CDC sense wires.

superlayer No. of Signal cells radius Stereo angle
type and No. layers per layer (mm) (mrad)

Axial 1 8 160 168.0 – 238.0 0.
Stereo U 2 6 160 257.0 – 348.0 45.4 – 45.8

Axial 3 6 192 365.2 – 455.7 0.
Stereo V 4 6 224 476.9 – 566.9 -55.3 – -64.3

Axial 5 6 256 584.1 – 674.1 0.
Stereo U 6 6 288 695.3 – 785.3 63.1 – 70.0

Axial 7 6 320 802.5 – 892.5 0.
Stereo V 8 6 352 913.7 – 1003.7 -68.5 – -74.0

Axial 9 6 384 1020.9 – 1111.4 0.

Figure 6.1: Wire configuration of the Belle and Belle II drift chambers.

between axial and stereo superlayers. To obtain a 60mrad stereo angle, a special technique is
adopted without adding insensitive regions: we string field wires in the transitions with half of
the stereo angle and we adjust the radial positions at both endplates around the transitions.
The same method is used in the Belle CDC [3]. The sense wire is only ⇠ 1mm closer to the
field wire in this case, so that a large gain variation is avoided.
The sense and field wire properties and counts are shown in Table 6.3. The properties are
inherited from the Belle CDC, where there were no serious problems during more than ten years
of operation. The counts are about a factor of 1.7 greater than in the Belle CDC. The 30µm-
diameter sense wires will operate at a slightly higher operating voltage so that the stronger
electric field in the drift region reduces the maximum drift time. The aluminum field wires are
unplated to avoid unnecessary material and to lower the cost.

204

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 3.6 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 3.6, 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, ✓C , can be expressed by

cos ✓c =
1

n�
. (3.1)
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FIG 3.6: Energy loss dE/dx 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 � is the velocity of particle (� = p/E). Combining momentum and
arrival position measured by the CDC, the mass of the particles can be determined.

charged particle�

photon detection plane�

Cherenkov radiator�

Figure 1. Principle of particle identification in the
TOP counter.

Prism�

Quartz bar�

Photosensor�

Focusing mirror�
45 cm�

250 cm�

Figure 2. Overview of optical system of the TOP
counter.

bars are glued to make a single 2.5-m-long bar. The refractive index is 1.47 at wavelength of 400 nm.
Those quartz bars need to meet various challenging requirements, such as surface roughness (<5 Å),
parallelism (<4 arcsec) and flatness (<6.3 µm). Quality of each bar was assessed before assembly,
and we confirmed all the bars satisfied the requirements of bulk transmittance (> 98.5%/m) and
internal reflectance (> 99.9%). The glued quartz bar is stored in a support structure made of
aluminum honeycomb plates, which owns enough rigidity with light material [4].

2.2 Photosensor
Cherenkov light propagating inside the quartz bar is finally detected by photosensors, which are
attached to the prism surface. We have successfully developed and produced more than 500 square-
shaped micro-channel-plate photo multipliers (MCP-PMTs) for this detector [5]. In this PMT, a
single photon is detected with timing resolution better than 50 ps that allows us to distinguish pions
and kaons of multi GeV/c momentum, where the di�erence of photon propagation time is as small
as an order of 100 ps. Its anode is divided into 4�4 channels. For each TOP module, 32 PMTs
are arrayed in a 2�16 grid, and attached to the prism surface via transparent silicon rubber. The
fraction of sensitive area is 73%, thanks to the square shape of the PMTs.

Lifetime of MCP-PMT, or degradation of quantum e�ciency, is an issue in using this type
of PMT under an environment of high radiation from the accelerator. Various modifications have
been applied to reduce e�ect of neutral gas and ion feedback, which is considered to damage the
photocathode and deteriorate quantum e�ciency according to accumulated output charge. Several
types of PMTs have been developed to satisfy the requirements. Lifetime of the latest type is longer
than 13.6 C/cm2, which corresponds to longer lifetime than the requirement by a factor of 3.7 [5].

3 Status of detector production, installation, and commissioning

3.1 Production and installation
The production of the real detector modules was started in late 2014 and 17 modules, including one
spare, were produced by April, 2016. The produced modules were tested one by one with a laser
calibration system [6] and cosmic ray data before installation.

Each tested module was installed using movable stages, where a guide pipe was supported by
the stages and a module was held along the guide pipe so that it was able to move in any directions

– 2 –

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 ✓C . Figure 3.8 shows the relation between the hit time
and the position of MCP-PMT. Kaons were tagged via the decay chain D

⇤+ ! D
0
⇡

+

slow, D
0 ! K

�
⇡

+

where the charge of ⇡slow determines which D
0 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 3.8, 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 di↵erent 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 3.10 as a function of track
momentum. The di↵erence of the Cherenkov angle between pion and kaon at p = 4 GeV/c is 23
mrad (✓C = 308, 285 mrad for pion and kaon). Figure 3.11 shows the distribution of the reconstructed
Cherenkov angles for e

+
e
� ! µ

+
µ

� sample with muon momentum selection 6.4 GeV/c < p < 7.0 GeV/c,
and for the K

0
S ! ⇡

+
⇡

� 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 3.10. The peak at ✓C ' 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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FIG 3.8: Relation between the hit time and the position of MCP-PMT. Black points shows the data of
a kaon. The left side is the pion PDF and the right side is the kaon PDF. [11]
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measured by CDC, and the refractive index is a known value here based on our design. There-
fore, the mass of the particle can be identified by measuring the angle of Cherenkov photons.

The distribution of the emission angle of Cherenkov photons with a refractive index of 1.5
as a function of the momentum in the range from 0.0 GeV/c to 4.0 GeV/c is shown in Figure 4.7.
The Cherenkov angles for pion and kaon are 308 mrad and 285 mrad at 4 GeV/c, respectively.
The difference in the Cherenkov angle between pion and kaon is 23 mrad.

FIGURE 4.6: The principle of the particle identification of the ARICH counter.
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FIGURE 4.7: Cherenkov angle as a function of momentum with refractive index of
n = 1.5

4.3 Design of Belle II ARICH

The ARICH counter is comprised of three main components: the silica aerogel radiators, the
HAPDs, and the readout electronics. All three components were newly developed for the Belle

CHAPTER 8. PARTICLE IDENTIFICATION: END-CAP
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Figure 8.2: Left: Proximity focusing RICH with an inhomogeneous aerogel radiator in the fo-
cusing configuration. Center: the distribution of Cherenkov photon hits vs. Cherenkov angle for
a focusing configuration with n1 = 1.046 and n2 = 1.056. Right: the corresponding distribution
for a 4-cm homogeneous radiator.

The design choices are governed by the following criteria:

• To achieve the necessary performance, enough photons (about 10) have to be detected for
each ring image for at least one of the particle species. This requirement fixes the length
of the aerogel radiator to several centimeters.

• The required resolution in the measurement of the Cherenkov angle is achievable only for
an expansion gap of about 20 cm and a radiator thickness that does not exceed a few
centimeters, with a photon detector granularity of a few millimeters.

As already discussed in the LoI [1], a prototype of the counter showed excellent performance
both in on-the-bench and in beam tests. However, two major issues remained: the need to
increase the number of detected Cherenkov photons and the development of a detector for single
photons that would reliably work in the high magnetic field of Belle II. Both problems were
solved in a satisfactory manner.
The key parameter in the performance of a RICH counter is the Cherenkov angle resolution
per charged particle �track = ��/

p
N . With a longer radiator, the number of detected photons

increases, but in a proximity focusing RICH the single photon resolution degrades because of
the emission point uncertainty. For Belle II, the optimal thickness is around 20 mm [1, 2, 3].
However, in the R&D phase following the LoI, we have found a solution to this limitation. The
problem is solved if a proximity focusing RICH with a non-homogeneous radiator is employed [3,
4, 5, 6]. By appropriately choosing the refractive indices of consecutive aerogel radiator layers,
one may achieve overlapping of the corresponding Cherenkov rings on the photon detector
(Fig. 8.2) [6]. This is equivalent to focusing of the photons within the radiator, and eliminates
or at least considerably reduces the spread due to emission point uncertainty. Note that such
a tuning of refractive indices for individual layers is only possible with aerogel, which may be
produced with any desired refractive index in the range 1.01-1.2 [7].
In Fig. 8.2, we compare the data for two 4-cm thick radiators: one with aerogel tiles of equal
refractive index (n = 1.046), the other with the focusing arrangement (n1 = 1.046, n2 = 1.056).
The improvement is clearly visible. The single photon resolution �� = 14.3 mrad for the dual ra-
diator is considerably better than the corresponding value for the single refractive index radiator
(�� = 20.7 mrad), while the number of detected photons is the same in both cases.

251

FIG 3.9: Left : The principle of the particle identification of the ARICH. Right : Principle of operation
of the proximity focusing with non-homogeneous aerogel radiator.
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4.3. Design of Belle II ARICH 29

measured by CDC, and the refractive index is a known value here based on our design. There-
fore, the mass of the particle can be identified by measuring the angle of Cherenkov photons.

The distribution of the emission angle of Cherenkov photons with a refractive index of 1.5
as a function of the momentum in the range from 0.0 GeV/c to 4.0 GeV/c is shown in Figure 4.7.
The Cherenkov angles for pion and kaon are 308 mrad and 285 mrad at 4 GeV/c, respectively.
The difference in the Cherenkov angle between pion and kaon is 23 mrad.

FIGURE 4.6: The principle of the particle identification of the ARICH counter.
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4.3 Design of Belle II ARICH

The ARICH counter is comprised of three main components: the silica aerogel radiators, the
HAPDs, and the readout electronics. All three components were newly developed for the Belle

FIG 3.10: The Cherenkov angle as a function of track momentum with refractive index n = 1.5. [12]

2

Fig. 3. The electronic system of ARICH detector. Upper right: Front-end
board. Lower Right: Merger board.

High-voltage or readout channels.
In the ARICH PID algorithm, Cherenkov angle of each

detected Cherenkov photon is calculated with respect to the
extrapolated trajectory of a charged track by using Central
Drift Chamber information. PID is based on the comparison
on the Cherenkov angle distribution between the observed
pattern and the expected probability density functions (PDFs)
of the assumed charged particle hypothesis. Fig. 4 shows the
reconstructed Cherenkov angle distribution of e

+
e
� ! µ

+
µ

�

and K
0

S ! ⇡
+
⇡

� samples of part of Phase 3 data. Dif-
ferent distributions can be clearly seen with two different
charged particle types. The expected PDFs are constructed
by considering real Cherenkov photons and all the other
possible contributions such as HAPD signals due to charged
tracks, electronics noise, beam background tracks, etc. PDF
parametrization is calibrated by utilizing the e

+
e
� ! µ

+
µ

�

sample from part of Phase 3 data of 2.62 fb�1, and the result
is shown in Fig. 5.

Fig. 4. Normalized Cherenkov angle distributions of e+e� � µ+µ� and
K0

S � �+�� samples of part of Phase 3 data.

The likelihood of a particle hypothesis (h) is defined as
a product of hits probability over all the pixels in ARICH
detector:

Lh =
all pixelsY

i

ph,i(mh,i), (1)

where ph,i(mh,i) is the probabilily of observing mh,i hits in
the i-th pixel. In the utilization of Lh to identify a specific
particle type, for instance, K from ⇡, selection criterion on a
likelihood ratio, which is defined as RK/⇡ =

RK/�

RK+R�
, will

Fig. 5. Normalized Cherenkov angle distributions of data and the expected
PDF calibrated by using e+e� � µ+µ� sample of part of Phase 3 data.

be determined. To study the performance of K/⇡ separation,
we use a part of Phase 3 data of 5.15 fb�1 to reconstruct a
clean control sample D

⇤+ ! D
0
⇡

+, D
0 ! K

�
⇡

+ (Charge-
conjugated mode is included), and we require one of the
decay product from D

0 passes through the aerogel plane.
The efficiency of K(⇡) identification and ⇡(K) fake rate is
determined by fitting on MD0 distribution to obtain yields
under vairous RK/⇡ selection conditions, as demonstracted in
Fig. 6. In general, the identification efficiency and fake rate are
consistent between Phase 3 data and Monte Carlo simulation.

Fig. 6. Reconstrcted MD0 distribution under vairous RK/⇡ selections with
requiring the K track entering aerogel plane.

In conclusion, the ARICH system located in the forward
end-cap of Belle II is one of the PID device, which plays a
critical role in K/⇡ separation. The entire hardware system
has been running smoothly with the SuperKEKB collision
operation so far, and associated calibration and validation on
the data are also performed. Details regarding the operation
and performance study will be further discussed.
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FIG 3.11: Distribution of the Cherenkov angle for e
+
e
� ! µ

+
µ

� sample with muon momentum selection
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0
S ! ⇡

+
⇡

� sample with pion momentum selection
1.0 GeV/c < p < 1.1 GeV/c in blue. [13]
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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 II 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(Tl) 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 cm and a
6 ⇥ 6 cm2 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 �/E = 4% at 100 MeV, 1.6% at 8 GeV, and the
angler resolution was 13 mrad (3 mrad) at low (high) energies; ⇡0 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(Tl) (1 µs), 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 3.12 shows the E/p distributions for a variety of momentum
ranges. As shown in FIG 3.12, 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. 24: The E/p distribution for a variety of momentum ranges. We see that this is an

excellent discriminator for EID when 1 < p GeV/c however, for low-momentum particles,

the separation between distributions of various particle types is less distinct.

↵ describes the length of the tail, n describes the slope of the tail, and fr is the fraction of

the convoluted probability distribution function which is taken from the CB function.

These parameters vary with momentum and polar angle of the ECL shower associated

with the electron. As such, a data file was created which contains the fit parameters for all

possible combinations of 39 di↵erent momentum ranges and 4 di↵erent polar angle ranges.

The closest combinatorial range is chosen by the ECL Electron ID Module and the associated

stored parameters are used in fitting the E/p distribution of the unknown particle. Finally,

a fit quality is used to calculate a log likelihood for determining the type of particle cause

the ECL shower.

Separation between electrons and muons is quite good for su�ciently energetic parti-

cles (i.e. muons with p > 0.3 GeV/c which are thus able to reach the KLM). Separation

between electrons and pions, however, is much more di�cult. This is particularly true for

low-momentum particles where, as is seen in Fig. 24, the E/p distributions for di↵ering par-

ticle types are very similar. The di�culty in distinguishing electrons over pions is further

exemplified in Fig. 25, which shows the electron e�ciency for true electrons and true pions as

function of momentum. We see a high electron e�ciency and low pion misidentification for

momenta 1  p  3 GeV/c. At low momentum, the electron e�ciency drastically drops o↵

80/690

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
0
L 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 �
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 KLM, since the mass of muon and that of pion is very
close (mµ = 105.7 MeV/c

2
, m⇡± = 139.6 MeV/c

2). 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�3.9 = 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 II experiment plays an important role to identity and record physics
events. TABLE 3.1 shows the cross section and rate of various physics events at the target luminosity of
the SuperKEKB. Bhabha scattering and e

+
e
� ! �� 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 qq 2.8 2200 2200
e
+
e
� ! µ

+
µ

� 0.8 640 640
e
+
e
� ! ⌧

+
⌧

� 0.8 640 640
Bhabha 44 35000 350
e
+
e
� ! �� 2.4 1900 19

Two-photon (e.g. e
+
e
� ! e

+
e
�

e
+
e
�) 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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図 1: トリガーシステムの概略。太線で示されている部分が Belle IIで新たに導入された部分。左端および上部右側
に示されているのはそれぞれのサブトリガーに参加している国内外の機関。

2 CDC トリガー
CDCは荷電粒子の飛跡検出器である [3]。図 2にCDC

の断面図を示す。直径はおよそ 2m20cmでBelleよりお
よそ 40cm大きくなっている。z軸方向の長さはおよそ
2m30cmである。総数 14336本のセンスワイヤーは, 6

層で一つのスーパーレイヤーを形成する9。全体は 9つの
スーパーレイヤーで構成され, そのうち 5つがアキシャ
ル, 4つがステレオで, 交互に配置されている。すべての
スーパーレイヤーで TSF (Track Segment Finder) と呼
ばれる, ワイヤーレイヤー 5層を使ったグループを作り,

この TSFをトラッキングの基礎情報として使用する。
Belleでは 0.2 GeV/cと 0.3 GeV/cの二つの PT 閾値

で荷電粒子数のみをカウントしていたが, Belle IIでは
荷電粒子数のみならず, 各荷電粒子の電荷, 運動量 (PT

および Pz), および z方向の発生位置 (�z)を測定できる
ように設計した。�zの測定はバックグラウンド事象判
定への強力な武器となるため, 通常の三次元トラッカー
のほか, ニューラルネットを使った三次元トラッカーの
二つを同時に開発中である。
図 3に CDCトリガーの概要を示す。トリガー情報は
フロントエンドからマージャーを経由してTSFモジュー
ルに送られ, トラックの断片を探す。見つかったトラッ
ク断片は二次元トラッカー, 三次元トラッカー, および
イベント時間モジュールに送られる。二次元トラッカー
は 4つのモジュールで全 �方向をカバーする。前述し
た二種類の三次元トラッカーはそれぞれ 4つのモジュー
ル, 計 8モジュールで構成される。三次元でのトラッキ
ングのため, アキシャルワイヤーに加えてステレオワイ

9最内層だけが例外でセンスワイヤーは 8 層になっている。

図 2: CDCの断面図 (x-y平面図)。図中小さな四角形が
センスワイヤーのセルを表す。濃色 (赤)がプライオリ
ティーセルを示しており, このワイヤーのドリフト時間
がトラッキングに使用される。セルの塊一つ一つがTSF

を表し, 全 TSFのうち 1/8のみを表示している。

107

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 e

+
e
� ! �� 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 o✏ine 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.

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

• 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 a↵ected 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�1. The dark-sector analysis using these data is performed and first Belle II
papers are published.

• 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 ⇥ 1034 cm�2s�1. The accumulated data with the Belle II detector by the summer shutdown
2020 is 74.10 fb�1 (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 ! Xs`

+
`
�, 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
Ldet(~x|i) for each particle hypothesis (i) is constructed at each sub-detector from a given set of observables,
~x. The dominant observables in each detector are as follows:

• Energy loss dE/dx 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

• Di↵erence between KLM hits position and the extrapolated track

Assuming each sub-detector information is independent, a global likelihood for each particle hypothesis
L(~x|i) is defined by:

L(~x|i) =
CDC,TOP,ARICH,ECL,KLMY

det

Ldet(~x|i). (3.2)

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

PIDi =
LiPe,µ,⇡,K,p,d

j Lj

. (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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FIG 3.15: PID distributions. (a) PIDe, (b) PIDµ, (c) PID⇡, (d) PIDK . Red line shows electron,
orange line shows muon, blue line shows pion, and green line shows kaon.
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Alternative indicator can be constructed from the binary likelihood ratio, for example,

RK/⇡ =
LK

LK + L⇡
. (3.4)

The PID e�ciency 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 e�ciency for i-type particle is defined as

e�ciency =
Number of i-type particle identified as i-type

Number of i-type particle
. (3.5)

and the mis-ID rate from i-type to j-type is defined as

mis-ID rate =
Number of i-type particle identified as j-type

Number of i-type particle
. (3.6)

The lepton identification e�ciency and mis-ID rate from lepton to hadron are evaluated by combining
several methods. The main method is the two-photon analysis, e

+
e
� ! e

+
e
�
��

⇤ ! e
+
e
�
`
+
`
�. The

e
+
e
� in the final state enter the beam pipe region and only `

+
`
� go into the detector volume. In

this analysis, one of the lepton (`±) is used to probe the e�ciency and the other lepton (`⌥) 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 e�ciency 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/ ! `

+
`
�, e

+
e
� ! e

+
e
�(�), and

e
+
e
� ! µ

+
µ

�(�) [14].
The hadron identification e�ciency and mis-ID rate from hadron to lepton are investigated with

D
⇤+ ! D

0(! K
�
⇡

+)⇡+

slow. The D
0 meson is reconstructed from two oppositely charged tracks. The

charged slow pion ⇡slow is used to tag the flavor of D
0, thus to used identify the kaon and pion [15].

Moreover, the mis-ID rate is studied using K
0
S ! ⇡

+
⇡

� and e
+
e
� ! ⌧

+
⌧

�.
The evaluated lepton identification e�ciency and mis-ID rate from hadron to lepton for PIDe > 0.9

and PIDµ > 0.9 are shown in Figure 3.16. The typical identification e�ciency 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 RK/⇡. The identification e�ciency of kaon at PIDK > 0.6 is about 80% and that of pion at
PID⇡ > 0.4 is about 84% in the barrel region.



26 3.4. PARTICLE IDENTIFICATION (PID)

FIG 3.16: Lepton identification e�ciency and mis-ID rate from hadron to lepton. Top: Electron identifi-
cation at PIDe > 0.9, Bottom: Muon identification at PIDµ > 0.9. Note that the mis-ID rate has been
inflated by a factor 3 for illustration purposes. [14]
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4. K-EFFICIENCIES AND �-MIS-ID RATES
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FIG. 2: K-e�ciencies and ⇡-mis-ID rates are calculated for di�erent PID criteria using the
decay D⇤+ ! D0[K�⇡+]⇡+.

4

FIG 3.17: Hadron identification performance as a function of RK/⇡. Kaon identification e�ciency is
shown with triangle and mis-ID rate from pion to kaon is inverted triangle. Red is data and blue is MC.
[15]



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 e�ciency
of B ! Xs`

+
`
� is estimated by simulations to measure the branching fraction. A di↵erence 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 ! Xs`
+
`
� decays are reconstructed with the sum-of-exclusive ap-

proach. The hadronic system Xs is reconstructed from Kn⇡ (0  n  4) and 3K final states allowing
for at most one ⇡0 and one K

0
S . TABLE 4.1 shows the decay mode of Xs.

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

B
0, B

0
B
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⇡
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⇡
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4.2 Data sample

This analysis is based on data accumulated on the ⌥ (4S) resonance in the Phase3 of Belle II. The amount
of data corresponds to an integrated luminosity of 34.6 fb�1 which contains 37.7 ⇥ 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 e�ciency of B ! Xs`

+
`
� 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
II 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 e�ciency is crucial to calculate the actual number of signal
events from reconstructed signal yields.

Signal MC sample of B ! Xs`
+
`
� is produced separately from three components, B ! K`

+
`
�,

B ! K
⇤
`
+
`
�, and non-resonant B ! Xs`

+
`
�. Samples of B ! K`

+
`
� 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 ! Xs`
+
`
� 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 Xs is required to be larger than 1.1 GeV/c

2.
Expressions for the Wilson coe�cients and power corrections are taken from [35] and the detailed formulae
are taken from [62] and [63]. In the hadronization of non-resonant Xs 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 e�ciency depends on the multiplicity and momentum of final state particles,

the fragmentation of non-resonant Xs 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 e↵ect on the reconstruction
e�ciency from these variation of these parameters. Moreover, the value of the transition point, mXs >

1.1 GeV/c
2, which is same with the previous [2] is arbitrary and should be taken into account as systematic

uncertainty. It will be described in Section 8.5.
These three components are mixed according to the SM predictions of branching fractions [42] [35]

which are shown in TABLE 2.2 and TABLE 2.4. Due to the photon pole contribution, electron modes
have larger branching fractions than muon modes for K

⇤ and non-resonant Xs. We have used the
SM prediction of B ! (K, K

⇤
, Xs)µ+

µ
� on muon modes as well as electron modes applying a cut

of Me+e� > 0.2 GeV. The branching fraction of K and K
⇤ modes are assumed to be 0.35 ⇥ 10�6 and

1.19⇥10�6. That of non-resonant Xs is assumed to be 2.61(= 4.15�0.35�1.19)⇥10�6. The uncertainty
on the branching fraction has to be also taken into account as systematic uncertainty. The detail will be
described in Section 8.5.

According to the MC samples, the fraction of the Xs covered by this study (TABLE 4.1) is 63.0%. If
the fraction of states containing K

0
L is taken to be equal to that containing K

0
S , the missing fraction is

16.9%. Figure 4.1 shows the MXs distribution of the signal MC samples.

4.3.2 Background MC sample

To establish background suppression for B ! Xs`
+
`
�, two kinds of hadronic MC samples are produced.

One is the continuum events, e
+
e
� ! qq(q = u, d, s, c), and the other is BB (B0

B
0 and B

+
B

�) 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 5 ab�1.
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FIG 4.1: MXs distribution for generated signal MC samples. The histograms are scaled to the 200 fb�1.
Decay modes of Xs are separated by color code of histogram.



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 < 0.5 cm 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

• p > 0.4 GeV/c

• PIDe > 0.9

where p is the momentum and PIDe 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

• p > 0.7 GeV/c

• PIDµ > 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 PIDK > 0.6 and PID⇡ > 0.4, respectively.

Additional selection on the number of hits in CDC, nCDCHits, is required to ensure the CDC dE/dx

infromation: nCDCHits> 20.
The K

0
S candidates are reconstructed from two oppositely charged tracks requiring a mass selection,

0.3 < M⇡+⇡� < 0.7 GeV/c
2. 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 K

0
S . To correct the di↵erence, the kinematics of daughters are recalculated

at the vertex position of K
0
S , which is called the vertex fit. After the vertex fit, the following criteria are

applied on K
0
S candidates: 0.4876 < MK0

S
< 0.5076 GeV/c

2 and significanceOfDistance> 50, where

MK0
S

is the mass of K
0
S 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 MK0

S
of K

0
S ! ⇡

+
⇡

� in the MC samples.

The ⇡0 candidates are formed by combining two photons which are reconstructed from ECL clusters
inside the CDC acceptance (17�

< ✓� < 150�). In addition, the � 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 E > 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: MK0
S

distribution of K
0
S ! ⇡

+
⇡

� 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, ⇡0 candidates are required to satisfy the following selection, 0.120 < M�� < 0.145 GeV/c

2
, �1.5 <

���� < 1.5 rad,↵�� < 1.4 rad where ���� is di↵erence of � between two gammas and ↵�� is the angle
between two gammas. In the low momentum region, there are a lot of fake ⇡0 candidates which degrades
the signal-to-background ratio. Momentum requirement on ⇡

0 candidates is applied to be more than
0.4 GeV/c. Figure 5.2 shows the reconstructed invariant mass M�� of ⇡0 ! �� in the MC samples.
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FIG 5.2: M�� distribution of ⇡0 ! �� in the MC samples.

The particle selection criteria are summarized in Table 5.1.

5.2 Xs Reconstruction

The hadronic system Xs is reconstruced with sum-of-exclusive approach. The twenty final states listed
in TABLE 4.1 are adopted as Xs candidates. To suppress combinatorial backgrounds, the invariant mass
of Xs is required to be smaller than 2.2GeV/c

2: MXs < 2.2 GeV/c
2. Figure 5.3 shows the reconstructed

invariant mass MXs in the signal MC samples.

5.3 B Reconstruction

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

Particle Selection Criteria

Charged tracks dr < 0.5 cm, |dz| < 2.0 cm

e
±

p > 0.4 GeV/c, PIDe > 0.9,
Recovering the bremsstrahlung radiation by adding photons
which are within 0.05 rad cone along the electron direction.

µ
±

p > 0.7 GeV/c, PIDµ > 0.9
K

±
PIDK > 0.6, nCDCHits > 20

⇡
±

PID⇡ > 0.4, nCDCHits > 20

K
0
S

Reconstructed from two oppositely charged tracks with the vertex fit.
significanceOfDistance > 50, 0.4876 < M < 0.5076 GeV/c

2

�

17�
< ✓� < 150�

, clusterNHits > 1.5, clusterNHits>1.5 and
[clusterReg == 1 and E > 0.080 GeV] or
[clusterReg == 2 and E > 0.030 GeV] or
[clusterReg == 3 and E > 0.060 GeV].

⇡
0

Reconstructed from two �’s.
0.120 < M�� < 0.145 GeV/c

2
, �1.5 < ���� < 1.5 rad,↵�� < 1.4 rad, p⇡0 > 0.4 GeV/c
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FIG 5.3: MXs distribution of signal MC samples.
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di↵erence �E, are calculated in the CM system. The definitions of these variables are

Mbc ⌘
q

E
⇤2

beam
� |~p⇤

B |2 (5.1)

�E ⌘ E
⇤
B � E

⇤
beam

(5.2)

where E
⇤
beam

is the beam energy in the CM system and (~pB , EB) is the reconstructed four-momentum of
B meson in the CM system. Rather than using the B invariant mass, these variables are more e↵ective
for background separation, because the energy resolution of the initial e

+
e
� is more precise than that of

the reconstructed B meson. Figure 5.4 shows distributions of Mbc and �E of signal MC samples.
B candidates are required to satisfy 5.2 < Mbc < 5.3 GeV/c

2 and |�E| < 0.15 GeV. Mbc is used to
extract signal yields with fitting and thus the requirement is very loose. On the other hand �E is used
to suppress backgrounds.
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FIG 5.4: Mbc (left) and �E (right) distributions of the signal MC samples. Green line is B ! Xse
+
e
�

and blue line is B ! Xsµ
+
µ

�.



Chapter 6

Background study

6.1 Background sources

There are three dominant sources of background. The first is due to B ! J/ ( (2S))Xs with J/ ( (2S)) !
`
+
`
�. The second is associated with cc 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/ ( (2S))Xs 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 6.2.2.

The semi-leptonic backgrounds have significant amount of missing energy due to missing neutrinos
and large distance between two leptons because they originate from di↵erent decay products of B or D.
Because of these kinematic features, these backgrounds can be e↵ectively suppressed. Furthermore, the
cc 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 !
Xs`

+
`
� decays. Thus, the e↵ective 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 Mbc = 5.28 GeV/c

2 is eliminated by applying vetos.
Final, we use the multivariate analysis technique with FastBDT [64] to suppress non-peaking backgrounds
e�ciently.

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, � ! e

+
e
�, and Dalitz decay of ⇡0, ⇡0 ! e

+
e
�
�, electron mode candidates are

required to have large di-electron mass, Me+e� > 0.2 GeV/c
2. There are also signal contribution which

are sensitive to the Wilson coe�cient C7. The dedicated study in this region with B ! K
⇤
e
+
e
� remains

for future work. Moreover, the mass of Xs is required to be smaller than 2.0GeV/c
2. 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 e�cient.

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 K

0
S is displaced from B meson vertex, these particles are

eliminated from the fit. Then the �2 probability of the vertex fit is calculated chiProbB , 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 �E defined as Equation 5.2 is one of the best
variables to distinguish between signal and backgrounds. A loose selection of �E 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 < �E < 0.05 GeV(Xse
+
e
�), while the selection on

the muon modes are symmetric, �0.05 < �E < 0.05 GeV(Xsµ
+
µ

�).
The selection criteria in the pre-selection are summarized in TABLE 6.1 and FIGs 6.1 - 6.3 show the

distributions of �E, MXs , and Me+e� .

TABLE 6.1: Criteria of the pre-selection

Energy di↵erence �0.10 < �E < 0.05 GeV(Xse
+
e
�)

�0.05 < �E < 0.05 GeV(Xsµ
+
µ

�)
Condition of the vertex fit of B meson Converged
Xs mass MXs < 2.0 GeV/c

2

� conversion and ⇡0 Dalitz decay veto Me+e� > 0.2 GeV/c
2
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FIG 6.1: �E distributions of B ! Xs`
+
`
�. Red line shows the signal events, blue line shows background

events from BB events, and green line shows background events from qq 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/ ( (2S)) decays to two leptons. It is very di�cult 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/ ( (2S))Xs backgrounds, signal candidates that satisfy the following tight
criteria are rejected.

�0.40 GeV/c
2

<Me+(�)e�(�) � MJ/ < 0.15 GeV/c
2 (6.1)

�0.25 GeV/c
2

<Me+(�)e�(�) � M (2S) < 0.10 GeV/c
2 (6.2)

�0.25 GeV/c
2

<Mµ+µ� � MJ/ < 0.10 GeV/c
2 (6.3)

�0.15 GeV/c
2

<Mµ+µ� � M (2S) < 0.10 GeV/c
2 (6.4)

where MJ/ is the nominal invariant mass of J/ , MJ/ = 3.096916 GeV/c
2, and M (2S) is that of  (2S),

M (2S) = 3.68609 GeV/c
2. Figure 6.4 shows the Me+(�)e�(�) and Mµ+µ� 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, e

+
e
�

, e
+
�e

�
, e

+
e
�
�, e

+
�e

�
�. The amount of remaining backgrounds are

estimated in Section 6.3.3.



CHAPTER 6. BACKGROUND STUDY 37

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
 [GeV]XsM

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

(a) Xse
+e�

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
 [GeV]XsM

0

0.05

0.1

0.15

0.2

0.25

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

(b) Xsµ
+µ�

FIG 6.2: MXs distributions of B ! Xs`
+
`
�. 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 6.3: Me+e� distributions of B ! Xse
+
e
�. Red line shows the signal events, blue line shows

background events from BB events, and green line shows background events from qq continuum events.
The qq continuum background has a peak at Me+e� = 0 due to photon conversion and Dalitz decay of
⇡
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FIG 6.4: Me+(�)e�(�) and Mµ+µ� distributions. Red line shows the signal events, blue line shows back-

ground events from BB events, and green line shows background events from qq continuum events. The
BB background has peaks at M`+`� = 3.0969 GeV/c

2 due to J/ and at M`+`� = 3.6861 GeV/c
2 due to

 (2S).
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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 Mbc and �E distributions, for example, mis-identified B ! D(! K⇡)⇡ as B ! Kµµ.
The amount of these peaking backgrounds can be estimated from data (Section 6.3.1). However, the mis-
ID rate is still high in the early stage of Belle II 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 q

2(= M`+`�).
If the most D-like mass Mmost D�like among them is close to nominal D mass, the candidate is vetoed.
The veto condition is as follows.

1.85 GeV/c
2

< Mmost D�like < 1.89 GeV/c
2 (6.5)

Figure 6.5 show the Mmost 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`

+
`
�

, K⇡`
+
`
�

, K⇡⇡`
+
`
�

, K⇡⇡⇡`
+
`
�. The remaining peaking back-

grounds can be estimated from data to get the signal yields correctly. The detail is described in Section
6.3.1.
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FIG 6.5: MmostD�like distributions of events which are identified as the double mis-ID background using
the MC truth information. Decay modes of Xs are separated by color. The histograms are scaled for an
integrated luminosity of 34.6 fb�1.
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6.2.4 FastBDT

Figure 6.6 shows the Mbc 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 II experiment.
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FIG 6.6: Mbc 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�1.

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 6.7 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 di↵erence of kinematics between electron modes and
muon modes as well as high MXs region and low MXs region, events are divided into four categories,
namely: [e+

e
�, MXs < 1.1 GeV/c

2], [e+
e
�, MXs > 1.1 GeV/c

2], [µ+
µ

�, MXs < 1.1 GeV/c
2], and [µ+

µ
�,

MXs > 1.1 GeV/c
2]. 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 di↵erent kinematics and it is di�cult
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 di↵erence on the kinematical variables between the BB events and the
continuum events. Since the ⌥ (4S) mass, M⌥ (4S) = 10.579 GeV/c

2, is barely above the BB production
threshold (MB = 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 qq events
have back-to-back two jet topology because the light quark q is produced with large momentum. The
di↵erence 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.

• 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 H` is defined as following expression,

H` =
X

i,j

|~pi||~pj |P`(cos ✓ij). (6.6)

where P` is the `-th Legendre polynomial, ~pi(j) is the momentum of i-th (j-th) particle, and ✓ij 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 Hl is divided into three variables,

H
SS
` =

X

i,j

|~pi||~pj |P`(cos ✓ij), (6.7)

H
SO
` =

X

j,k

|~pj ||~pk|P`(cos ✓jk), (6.8)

H
OO
` =

X

k,l

|~pk||~pl|P`(cos ✓kl), (6.9)

H` = H
SS
` + H

SO
` + H

OO
` . (6.10)

The i and j runs over particles in the signal side final state while k and l runs over the other
side particles. Thanks to separating the signal side and the other side, H

SO
` and H

OO
` have less

correlation with signal side variables, such as Mbc.
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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, R

SO
` , R

OO
` , and Pt.

R
SO
` is based on H

SO
` adding the charge information.

R
SO
` =

↵
c
`H

SO,c
` + ↵

n
`H

SO,n
` + ↵

m
` H

SO,m
`

E
⇤
beam

� �E
. (6.11)

c, n, and m denotes charged particles, neutral particle, and missing particle, respectively. ↵’s are
free parameters and H

i
` is defined as follows,

H
SO,c
` =

(P
i

P
j |pj |P`(cos ✓ij) (` : even)

P
i

P
j |pj |QiQjP`(cos ✓ij) (` : odd)

(6.12)

H
SO,n
` =

(P
i

P
j |pj |P`(cos ✓ij) (` : even)

0 (` : odd)
(6.13)

H
SO,m
` =

(P
i |pM |P`(cos ✓iM ) (` : even)

0 (` : odd)
(6.14)

i runs over particles in the signal final states and j runs over remaining charged particles for H
SO,c
`

and neutral particles for H
SO,n
` . ~pM is the missing momentum, Qi is charge of i-th particle and

✓iM is the angle between ~pi and ~pM .

R
OO
` is based on H

OO
` and defined as follows.

R
OO
` =

�`H
0OO
`

(E⇤
beam

� �E)2
. (6.15)

and H
0OO
` is

H
0OO
` =

(P
j

P
k |pj ||pk|P`(cos ✓jk) (` : even)

P
j

P
k |pj ||pk|QjQkP`(cos ✓jk) (` : odd)

(6.16)

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

h
so
x,` =

H
SO,x
`

E
⇤
beam

� �E
, (6.17)

h
oo
` =

H
0OO
`

(E⇤
beam

� �E)2
. (6.18)

with x = c, n, m. Even thought R
SS and h

ss can be defined in similar manner, they tends to have
large correlation with signal side variables and thus they are omitted.

Pt =
PNt

n=1
|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, mm2, is calculated as complementary
information.

mm
2 =

(
(E⌥ (4S) �

PNt

n=1
En)2 �

PNt

n=1
|pn|2 (E⌥ (4S) �

PNt

n=1
En) > 0

�(E⌥ (4S) �
PNt

n=1
En)2 �

PNt

n=1
|pn|2 (E⌥ (4S) �

PNt

n=1
En) < 0

(6.19)

where En is energy of n-th particle and E⌥ (4S) is the energy of ⌥ (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 qq backgrounds
but also the semi-leptonic BB backgrounds thanks to taking into account the missing components.
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• Thrust variables.
The thrust axis ~nT for N momenta ~pi(i = 1, ..., N) is defined as the unit vector which make the
thrust T maximum,

T =

PN
i |~nT · ~pi|PN

i |~pi|
. (6.20)

Since the continuum qq 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 ThrustROE, cosine
of angle between thrust axis of reconstructed B meson side particles and that of ROE cos ✓TBTO,
and cosine of angle between thrust angle of reconstructed B meson and the beam axis cos ✓TBz.
These variables help to suppress the continuum background avoiding a bias on the signal variables.

• 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.

• Missing mass squared.
The missing mass squared is calculated as (2Ebeam �

P
i Ei)2 � |

P
i ~pi|2, where Ebeam is the beam

energy and (~pi, Ei) is the reconstructed particles in the CMS frame. Events which have more than
one neutrino tends to have larger value.

• 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.

• 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 ! D`⌫� > K`⌫`⌫) have a di↵erence on the
production points of leptons.

• Cosine of ✓ of B at the centre-of-mass frame.
The cosine of the angle between the B and the beam axis, cos ✓⇤

B . The spin-1 ⌥ (4S) particle
decaying into two spin-0 B meson results in (1 � cos ✓⇤

B) distribution, while the continuum events
have random distribution.

• chiProbB , The �2 probability of B vertex.
As discussed in previous section 6.2.1, the �2 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.

• Likelihood of �E.
The likelihood of �E is used instead of the original �E distributions. The shape of �E distributions
depends on the existence of ⇡0. To take into account this dependency, the PDF of �E is prepared
from MC samples for 2 cases, namely modes without ⇡0 and modes with ⇡

0. These distributions
are fitted with two Crystal Ball functions. Crystal Ball function is defined as,

f(x) =

(
exp

⇣
� (x�µ)

2

2�2

⌘
(x�µ)

� > �↵
A

�
B � x�µ

�

��n (x�µ)

� < �↵
(6.21)
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with

A =

✓
n

|↵|

◆2

exp(� |↵|2
2

), (6.22)

B =
n

|↵| � |↵|. (6.23)

Figure 6.8 and 6.9 show the distributions with fitting function for electron modes and for muon
modes, respectively. Because two di↵erent PDFs are used to obtain the likelihood, the distributions
of the likelihood of �E are discontinuous.
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FIG 6.8: Top : �E distributions of B ! Xse
+
e
� 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 �E.

TABLE 6.2 summarizes the description of the input variables to the FastBDT. Figure 6.10 - 6.11 show
the distributions of the input variables for B ! Xse

+
e
� and Figure 6.12 - 6.13 are for B ! Xsµ

+
µ

� in
the MC samples.

The 8 classifiers are trained by using corresponding MC samples. The output is denoted as F . for
example, F

BB
e+e�,low is the FastBDT output of BB classifier in [e+

e
�, MXs < 1.1 GeV/c

2] category events.
Figure 6.14 shows the output distributions of the MC samples.

The selection criteria on (FBB , F
qq) are optimized with the Figure of Merit (FOM) given by

S/
p

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 < Mbc < 5.29[ GeV/c2]. Since each candidate has two outputs F
BB and

F
qq, the optimization is performed from two-dimensional distribution of (FBB , F

qq). The classification
of samples and the criteria on the output value is summarized in Table 6.3

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, F

BB . Average number of candidates per event after the background suppression with
FastBDT is 1.13 and 1.09 for Xse

+
e
� and Xsµ

+
µ

�, respectively.

6.2.6 Summary

The cut flow tables of the background suppression is shown in TABLE 6.4 and 6.5. The Mbc distributions
after the background suppression are shown in FIG 6.15. The numbers and histograms are scaled to the
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show the distribution of MC samples. Red line shows the total likelihood distribution and blue and cyan
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distribution of �E.

TABLE 6.2: The list of input variables of FastBDT

Variables Explanation

h
so
c0, h

so
c1, h

so
c2, h

so
c3, h

so
c4,

h
so
n0

, h
so
n2

, h
so
n4

,

h
so
m0

, h
so
m2

, h
so
m4

,

h
oo
0

, h
oo
1

, h
oo
2

, h
oo
3

, h
oo
4

,

Pt, mm
2

18 KSFW variables.

ThrustROE Thrust magnitude of ROE.

cos ✓TBTO Cosine of angle between the thrust axis of B and that of ROE.

cos ✓TBz Cosine of angle between the thrust axis of B and the beam axis.

CC1, CC2, CC3, CC4, CC5,
CC6, CC7, CC8, CC9

9 CLEO Cone variables calculated from ROE.

M
2

missing
Missing mass squared.

E
⇤
visible

Visible energy in the centre-of-mass frame.

�z`+`� Distance between two leptons along the beam axis.

cos ✓⇤
B Cosine of ✓ of B at the centre-of-mass frame.

chiProbB
The �2 probability of B vertex calculated by the vertex

fit using all the charged daughters, excluding the K
0
S daughters.

Likelihood of �E Likelihood of �E.
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FIG 6.10: FastBDT input variables of B ! Xse
+
e
� (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 6.11: FastBDT input variables of B ! Xse
+
e
� (2) CLEO Cone variables and other 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.



48 6.2. BACKGROUND SUPPRESSION

0 0.5 1 1.5 2 2.5 3 3.5 4

c0
soh

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
Fr

eq
ue

nc
y 

de
ns

ity Signal
BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

c1
soh

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.5− 0 0.5 1 1.5

c2
soh

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

c3
soh

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

c4
soh

0

0.02
0.04

0.06

0.08

0.1
0.12

0.14

0.16
0.18

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0 0.5 1 1.5 2 2.5 3

n0
soh

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

n2
soh

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22
0.24

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

n4
soh

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

m0
soh

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

m2
soh

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

m4
soh

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0
ooh

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0.1− 0.08− 0.06− 0.04− 0.02− 0 0.02 0.04 0.06 0.08 0.1

1
ooh

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

2
ooh

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0.1− 0.08− 0.06− 0.04− 0.02− 0 0.02 0.04 0.06 0.08 0.1

3
ooh

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0.1− 0.05− 0 0.05 0.1 0.15 0.2

4
ooh

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

0 2 4 6 8 10 12 14 16
 [GeV]tP

0

0.02

0.04

0.06

0.08

0.1

0.12

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

40− 30− 20− 10− 0 10 20 30 40
]2 [GeV2mm

0

0.1

0.2

0.3

0.4

0.5

Fr
eq

ue
nc

y 
de

ns
ity Signal

BB
qq

FIG 6.12: FastBDT input variables of B ! Xsµ
+
µ

� (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 6.13: FastBDT input variables of B ! Xsµ
+
µ

� (2) CLEO Cone variables and other 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 6.14: FastBDT output distributions. 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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TABLE 6.3: Classification of samples for FastBDT training and criteria on the output value.

FastBDT output Signal sample Background sample MXs range Criteria

F
BB
e+e�,low Xse

+
e
�

BB [0, 1.1] > 0.68

F
qq
e+e�,low Xse

+
e
�

qq [0, 1.1] > 0.94

F
BB
e+e�,high Xse

+
e
�

BB [1.1, 2.0] > 0.96

F
qq
e+e�,high Xse

+
e
�

qq [1.1, 2.0] > 0.96

F
BB
µ+µ�,low Xsµ

+
µ

�
BB [0, 1.1] > 0.74

F
qq
µ+µ�,low Xsµ

+
µ

�
qq [0, 1.1] > 0.90

F
BB
µ+µ�,high Xsµ

+
µ

�
BB [1.1, 2.0] > 0.94

F
qq
µ+µ�,high Xsµ

+
µ

�
qq [1.1, 2.0] > 0.94

34.6 fb�1.

TABLE 6.4: Cut flow table of Xse
+
e
� . Number of events satisfying each selection, signal e�ciency and

FOM are shown. Note that the Mbc cut, 5.27 < Mbc < 5.29 GeV/c
2 is not imposed. The numbers are

scaled for an integrated luminosity of 34.6 fb�1.

Selection Signal BB qq Signal E�ciency S/
p

S + B

Generated 318.7 3.63 ⇥ 107 1.29 ⇥ 108 100% 0.025
Reconstructed 40.00 9.89 ⇥ 104 3.84 ⇥ 104 12.55% 0.108
Vertex fit of B meson 38.78 7.91 ⇥ 104 2.72 ⇥ 104 12.17% 0.119
MXs < 2.0 GeV 37.95 5.76 ⇥ 104 2.12 ⇥ 104 11.91% 0.135
�E cuts 35.72 3.17 ⇥ 104 1.09 ⇥ 104 11.21% 0.173
Me+e� > 0.2 GeV 29.22 3.16 ⇥ 104 7.68 ⇥ 103 9.167% 0.147
Charmonium veto 19.54 8.67 ⇥ 103 5.46 ⇥ 103 6.131% 0.164
D veto 18.16 6.45 ⇥ 103 4.58 ⇥ 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 Mbc = 5.28 GeV/c
2, 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 ! K⇡⇡, 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 Xsh

+
h

� events of data by applying a weight of the
mis-ID rate from hadron to lepton, where h denotes a hadron. The Xsh

+
h

� 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, f`, for each lepton. The weight factor
w is

w = f`+ · f`� . (6.24)

where f` 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 3.4.
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TABLE 6.5: Cut flow table of Xsµ
+
µ

� . Number of events satisfying each selection, signal e�ciency and
FOM are shown. Note that the Mbc cut, 5.27 < Mbc < 5.29 GeV/c

2 is not imposed. The numbers are
scaled for an integrated luminosity of 34.6 fb�1.

Selection Signal BB qq Signal E�ciency S/
p

S + B

Generated 316.1 3.63 ⇥ 107 1.29 ⇥ 108 100% 0.025
Reconstructed 32.31 1.13 ⇥ 105 4.68 ⇥ 104 10.22% 0.081
Vertex fit of B meson 31.61 9.01 ⇥ 104 3.53 ⇥ 104 10.00% 0.089
MXs < 2.0 GeV 31.11 6.69 ⇥ 104 2.74 ⇥ 104 9.842% 0.101
�E cuts 28.41 2.45 ⇥ 104 9.14 ⇥ 103 8.987% 0.155
Charmonium veto 21.19 8.02 ⇥ 103 7.39 ⇥ 103 6.703% 0.171
D veto 19.75 5.94 ⇥ 103 6.17 ⇥ 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
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FIG 6.15: Mbc distributions after the background suppression. The colors indicate di↵erent MC samples.
White histogram shows signal events. The histograms are scaled for an integrated luminosity of 34.6 fb�1.
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The numbers of estimated events are 0.11± 0.08 and 1.3± 1.1 for Xse
+
e
� and Xsµ

+
µ

�, 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 6.16 shows the Mbc

distributions of the double mis-ID backgrounds of the MC samples.
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FIG 6.16: Estimated Mbc 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�1.

6.3.2 Swapped mis-ID background

The XsJ/ (! `
+
`
�) events can pass the event selection if a lepton is mis-identified as a hadron and a

hadron which is daughter of Xs is mis-identified as a lepton. These backgrounds are denoted as swapped
mis-ID backgrounds. The swapped mis-ID background is estimated from XsJ/ , Xs (2S) events of data.
Firstly, XsJ/ , Xs (2S) events are reconstructed and selected by the Charmonium veto (Section 6.2.2).
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.

w =
f`

✏h
· fh

✏`
. (6.25)

where ✏` is the lepton-ID e�ciency, fh is the mis-ID rate from lepton to hadron, and ✏h is the hadron-ID
e�ciency. The mis-ID rate and identification e�ciency are evaluated in the Belle II performance studies
as described in Section 3.4.

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 ± 0.50 for Xse

+
e
� and Xsµ

+
µ

�, 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 Mbc distributions of the
swapped mis-ID backgrounds estimated with the MC samples.

6.3.3 Charmonium background

Although the most of XsJ/ , Xs (2S) events are rejected by the Charmonium veto in Section 6.2.2,
contamination from these events is unavoidable. Since it is di�cult 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/ and  (2S), the events are recognized as the Charmonium background. The numbers of
estimated events in whole Mbc range are 3.49±0.35 and 2.01±0.26 for Xse

+
e
� and Xsµ

+
µ

�, respectively.
Figure 6.18 shows the Mbc distributions of the Charmonium background estimated from MC samples.
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FIG 6.17: Estimated Mbc distributions of the swapped 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�1.
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FIG 6.18: Estimated Mbc distributions of the Charmonium backgrounds. The histograms are scaled for
an integrated luminosity of 34.6 fb�1.



Chapter 7

Extraction of the branching fraction

The signal yield Nsignal is extracted from the Mbc distributions using the extended maximum likelihood
fit. Then, the branching fraction is calculated with the following function.

B(B ! Xs`
+
`
�) =

Nsignal

2NBB ⇥ ✏
(7.1)

where NBB is the number of B meson pairs and ✏ is the reconstruction e�ciency of B ! Xs`
+
`
�.

Actually, instead of the signal yields, the branching fraction is used as the floating parameter in the
fitting. The branching fraction of B ! Xse

+
e
� and B ! Xsµ

+
µ

� is measured separately. Moreover,
the branching fraction of B ! Xs`

+
`
� is calculated from the simultaneous fitting of the Mbc distributions

of B ! Xse
+
e
� and B ! Xsµ

+
µ

� assuming the lepton flavor universality.

7.1 Probability Density Function (PDF)

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

L =
exp

⇣
�

P
j Nj

⌘

N !

NY

i

0

@
X

j

NjPj

1

A (7.2)

where i runs over all events, j runs over the categories of events, Nj is the yield of j-th category, N is
the total number of events, and Pj 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, (iii) 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 Nscf/Nsig : fix

Non-peaking background (bkg) ARGUS function
Yield : float
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 (µ) and width (�) are defined by fitting the Mbc

distributions of XsJ/ 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 Xs`
+
`
� except for the Charmonium veto. The veto

condition for the J/ is flipped to select the events. Figure 7.1 shows the Mbc 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 7.1.3. TABLE 7.2 shows the shape parameters obtained by the fitting.
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FIG 7.1: Mbc distributions of the B ! XsJ/ 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 ! Xse
+
e
� Mean (µ) 5.279424 ± 0.000089 GeV

Width (�) 2.679 ± 0.076 MeV

B ! Xsµ
+
µ

� Mean (µ) 5.279531 ± 0.000080 GeV
Width (�) 2.602 ± 0.062 MeV

7.1.2 Self cross-feed

The events originating from B ! Xs`
+
`
� which are wrongly reconstructed, for example mis-identification

of K
+
⇡

� as ⇡+
K

�, 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.

Mode Parameter Value

B ! Xse
+
e
� Ratio (Nscf/Nsig) 0.1211

B ! Xsµ
+
µ

� Ratio (Nscf/Nsig) 0.0786

7.1.3 Non-peaking background

The continuum backgrounds and some BB backgrounds have not a peak on the Mbc 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: Mbc PDF of the self cross-feed.

eled by an ARGUS function:

fARGUS(Mbc) / Mbc ·
p

t · exp(�at), (7.3)

t ⌘ 1 �
✓

Mbc

Ebeam

◆2

. (7.4)

where Ebeam 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

0 ! D
�
⇡

+
, D

� ! K
+
⇡

�
⇡

� and B
+ ! D

0
⇡

+
, D

0 ! K
+
⇡

�.
The particle selection of K

± and ⇡± 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 < �E < 0.15 GeV and 5.2 < Mbc < 5.3 GeV. TABLE 7.4 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| < 2.0 cm, P IDK > 0.6, nCDCHits> 20
⇡

±
dr < 0.5 cm, |dz| < 2.0 cm, P ID⇡ > 0.6, nCDCHits> 20

D 1.85 < M < 1.89 GeV/c
2

B �0.15 < �E < 0.15 GeV, 5.2 < Mbc < 5.3 GeV/c
2

Figure 7.3 shows the Mbc 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 6.3: (i) Double mis-ID
background, (ii) Swapped mis-ID background and (iii) Charmonium background.

Figure 7.4 - 7.6 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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FIG 7.3: Mbc distributions of the B ! D⇡ 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).
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FIG 7.4: Mbc PDF of the double mis-ID background.
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FIG 7.5: Mbc PDF of the swapped mis-ID background.
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FIG 7.6: Mbc PDF of the Charmonium background.

TABLE 7.6: The yields of the peaking backgrounds.

Mode Parameter Value

B ! Xse
+
e
� 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 ! Xsµ
+
µ

� 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;

pull =
Ninput � Nobserved

�N
. (7.5)

where Ninput is a number of generated events, Nobserved is an extracted number of events from fitting,
and �N is an error of fitted parameter Nobserved. 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 PDFs 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 7.7
shows pull distributions of signal yields. The fit results of mean µpull and width �pull are as followings,

µpull,Xse+e�mode = �0.1985 ± 0.035, (7.6)

�pull,Xse+e�mode = 1.096 ± 0.025, (7.7)

µpull,Xsµ+µ�mode = �0.1575 ± 0.033, (7.8)

�pull,Xsµ+µ�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 e↵ects are included
in the systematic uncertainty that is discussed in the following section (8.3).
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FIG 7.7: Pull distributions of signal yields.



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 ⌥ (4S) resonance
operation subtracting the number at the out of ⌥ (4S) 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 ⌥ (4S) resonance and out of the resonance, while the cross-section of BB events drastically
decrease out of the ⌥ (4S) resonance. The number of BB events NBB are estimated using following
equation,

NBB =
N

on�res

had
� Rlumi ⇥ N

o↵�res

had
⇥ k

✏BB

. (8.1)

where N
on�res

had
is the number of hadronic events in on-resonance of ⌥ (4S), N

o↵�res

had
is the number of

hadronic events in o↵-resonance ⌥ (4S) (
p

s = 10.519 GeV), Rlumi is the luminosity ratio between the
on-resonance data and o↵-resonance data, k is the correction factor of non-BB event cross-section for
di↵erent collision energy, and ✏BB is the selection e�ciency of hadronic events. The number of B meson
pairs in the data set has been determined to be NBB = (37.7 ± 0.6) ⇥ 106 [70].

8.2 E�ciency correction

The reconstruction e�ciency estimated with the MC simulation is 2.418% for Xse
+
e
� and 3.078% for

Xsµ
+
µ

�. Since there are discrepancies between data and MC on the selection e�ciency for each particle,
the reconstruction e�ciency 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 e�ciency

The track reconstruction e�ciency in high momentum region (pT > 200 MeV/c) is evaluated using e
�

e
� !

⌧
+
⌧

� events. The ⌧ -pair production has large cross section at the ⌥ (4S) resonance energy and provides
good opportunity to investigate the tracking performance at Belle II. The target process is e

�
e
� ! ⌧

+
⌧

�

where one tau lepton decays leptonically (⌧ ! `⌫`⌫⌧ ) while the other decays hadronically into three
charged pions (⌧ ! 3⇡±

⌫⌧ + n⇡
0). The ⌧ -pair events are tagged from three good quality tracks. Then

the existence of an additional track is inferred. The tracking e�ciency is calculated from the fraction
of the number of 4-tracks events over 3-tracks + 4-tracks events. The tracking e�ciency 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 e�ciency of low momentum track (pT < 200 MeV/c) is investigated using slow-pion
decayed from D

⇤; the e�ciency is estimated with B ! D
⇤
⇡ and B ! D

⇤
⇢. The slow tracking e�ciency

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 Xs`
+
`
� reconstruction e�ciency due to the tracking e�ciency is 3.8%

for Xse
+
e
� and Xsµ

+
µ

�.

8.2.2 Lepton identification e�ciency

The lepton identification e�ciency 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 3.4. The
lepton identification e�ciency correction factor on the Xs`

+
`
� reconstruction e�ciency is (96.3+2.7

�2.1)%

for Xse
+
e
� and (85.7+4.7

�2.5)% for Xsµ
+
µ

�.

8.2.3 Hadron (K±, ⇡±) identification e�ciency

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
e�ciency of Xse

+
e
� and Xsµ

+
µ

� 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 K0
S reconstruction e�ciency

The K
0
S reconstruction e�ciency is evaluated as function of distance between the interaction point and

the vertex position of K
0
S . There is no strong deviation from unity on the e�ciency ratio between data

and MC. The systematic uncertainty is assigned on each K
0
S candidate depending on the vertex distance..

The total uncertainty of 1.1% and 1.0% is assigned on the Xse
+
e
� and Xsµ

+
µ

� reconstruction e�ciency,
respectively.

8.2.5 ⇡0 reconstruction e�ciency

The correction factor of ⇡0 reconstruction e�ciency is estimated by using ⌘ ! �� and ⌘ ! 3⇡0. By
assuming the data-MC e�ciency ratio of ⇡0 ! �� and that of ⌘ ! �� is same, the ⇡0 reconstruction
e�ciency is extracted as follows;

✏data(2⇡0)

✏MC(2⇡0)
=

Ndata(⌘ ! 3⇡0)/NMC(⌘ ! 3⇡0)

Ndata(⌘ ! ��)/NMC(⌘ ! ��)
,

✏data(⇡0)

✏MC(⇡0)
=

s
✏data(2⇡0)

✏MC(2⇡0)
.

(8.2)

For each ⇡0 candidate, the correction factor of 93.2±3.4% is assigned. In total, the Xse
+
e
� and Xsµ

+
µ

�

e�ciency is corrected by factor of 99.5 ± 0.2% and 99.8 ± 0.1%, respectively.

8.2.6 FastBDT selection e�ciency

The FastBDT is trained to suppress large backgrounds by using MC samples. Even though there are no
large di↵erence on input variables between data and MC, the e�ciency correction should be evaluated.
The FastBDT e�ciency is evaluated from B ! XsJ/ (! `

+
`
�) samples. By fitting the Mbc distribution

with Gaussian and Argus function before and after the FastBDT selection, the e�ciency is calculated.
The e�ciency correction factor is 107.2 ± 4.4% for Xse

+
e
� and 103.7 ± 4.0% for Xsµ

+
µ

�.

8.2.7 Summary of the e�ciency correction

The e�ciency 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 7.2. 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 e�ciency correction factors on the B ! Xs`
+
`
� reconstruction.

Source B ! Xse
+
e
� [%] B ! Xsµ

+
µ

� [%]

Tracking e�ciency 100 ± 3.8 100 ± 3.8
Electron ID 96.3+2.7

�2.1 -
Muon ID - 85.7+4.7

�2.5

Kaon ID 98.3 ± 1.2 98.5 ± 1.3
Pion ID 98.0 ± 0.8 98.1 ± 0.8
K

0
S reconstruction 100 ± 1.1 100 ± 1.0

⇡
0 reconstruction 99.5 ± 0.2 99.8 ± 0.1

FastBDT e�ciency 107.2 ± 4.4 103.7 ± 4.0

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

�syst mean = �stat · µpull, (8.3)

�syst width = �stat · (�pull � 1.). (8.4)

where µpull and �pull are mean and width of the pull distribution and �stat 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 ±1�.

8.4.2 Uncertainty 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 e�ciencies. To take into account the uncertainties of the mis-ID probabilities and PID e�ciencies,
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 Xs

The B ! Xs`
+
`
� samples are generated with EVTGEN [54], PYTHIA [55] [56], and PHOTOS [57].

The non-resonant Xs`
+
`
� 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
⇤-Xs transition point, b-quark

mass, and the Fermi motion momentum. These parameters might change the di-lepton mass distribution
and Xs mass distribution and thus the reconstruction e�ciency. The systematic uncertainty is estimated
by varying these parameters within proper range. The hadronization of Xs relies on the PYTHIA. The
fragmentation of Xs modes are corrected according to the Belle result.



64 8.5. SIGNAL MODELING OF NON-RESONANT XS

8.5.1 K⇤-Xs transition point

To estimate the reconstruction e�ciency, the MXs is required to be greater than 1.1 GeV/c
2 for the

non-resonant Xs`
+
`
� samples. The value of the point is same with the previous study [2]. The transition

position is varied by ±0.1 GeV/c
2 and then the reconstruction e�ciency is recalculated. The systematic

uncertainty to the branching fraction is provided from the range of reconstruction e�ciency.

8.5.2 b-quark mass

The b-quark mass, mb, is assumed to be 4.8 GeV/c
2 to generate the Xs`

+
`
� samples. The b-quark mass

is conservatively varied in the range of ±0.15 GeV/c
2. Figure 8.1 shows MXs and Figure 8.2 shows M`+`�

distributions when the b-quark mass is varied. The e↵ects on the MXs and M`+`� due to the b-quark
mass variation is very small as shown in FIG 8.1 and FIG 8.2.
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FIG 8.1: MXs distributions for various b-quark mass. Black line shows the distribution of mb =
4.80 GeV/c

2, red line shows that of mb = 4.65 GeV/c
2, and blue line shows that of mb = 4.95 GeV/c

2.
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FIG 8.2: M`+`� distributions for various b-quark mass. Black line shows the distribution of mb =
4.80 GeV/c

2, red line shows that of mb = 4.65 GeV/c
2, and blue line shows that of mb = 4.95 GeV/c

2.

8.5.3 Fermi motion momentum

The Fermi motion momentum pF 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 ! Xs� decay. Recent result on pF

is pF = 0.461+0.036
�0.039 GeV [1]. To calculate the reconstruction e�ciency, the parameter is assumed to be

pF = 0.410 GeV. The e�ciency correction is calculated using MC samples in which pF is set at 0.461GeV
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and a systematic uncertainty is estimated by varying in the range of 0.422 < pF < 0.498[ GeV]. Figure
8.3 shows MXs and Figure 8.4 shows M`+`� distributions when pF is varied.
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FIG 8.3: MXs distributions for various Fermi motion momentum. Black dashed line shows the distribution
of pF = 0.410 GeV, black line shows the distribution of pF = 0.461 GeV, red line shows the distribution
of pF = 0.422 GeV, and blue line shows the distribution of pF = 0.498 GeV.
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FIG 8.4: M`+`� distributions for various Fermi motion momentum. Black dashed line shows the dis-
tribution of pF = 0.410 GeV, black line shows the distribution of pF = 0.461 GeV, red line shows the
distribution of pF = 0.422 GeV, and blue line shows the distribution of pF = 0.498 GeV.

8.5.4 Fragmentation and missing modes of Xs

The reconstruction e�ciency depends on the Xs decay modes. The prediction of the fragmentation of the
Xs modes in the MC samples should be corrected by using real data. To keep the fraction of K

(⇤)
`
+
`
�

and non-resonant Xs`
+
`
�, an overall normalization factor of 0.986 is applied in on non-resonant Xs`

+
`
�

modes. The uncertainty due to the fraction of K
(⇤)
`
+
`
� and non-resonant Xs`

+
`
� is described in Section

8.5.5. Since no yields are observed in the K4⇡ and 3K modes, only the normalization factor is applied.
The correction factor is estimated with B ! XsJ/ at the Belle experiment which is shown in TABLE
8.2. Since there might be some resonant contributions in the K⇡ modes, the correction factor on these
mode is larger compared with other modes. By applying the correction and keeping the fraction of
K

(⇤)
`
+
`
� and non-resonant Xs`

+
`
�, 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 Xs modes
will be measured with B ! Xs`

+
`
� when the Belle II 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 ± 0.016
K

0
S ⇡

⌥ 0.615 ± 0.034
K

±
⇡

0 0.718 ± 0.055
K

0
S ⇡

0 0.539 ± 0.090

K
±
⇡

⌥
⇡

± 1.145 ± 0.031
K

0
S ⇡

±
⇡

⌥ 0.835 ± 0.049
K

±
⇡

⌥
⇡

0 0.941 ± 0.055
K

0
S ⇡

±
⇡

0 0.888 ± 0.106

K
±
⇡

⌥
⇡

±
⇡

⌥ 1.583 ± 0.136
K

0
S ⇡

±
⇡

⌥
⇡

± 1.557 ± 0.293
K

±
⇡

⌥
⇡

±
⇡

0 1.325 ± 0.191
K

0
S ⇡

±
⇡

⌥
⇡

0 1.067 ± 0.292

K
±
⇡

⌥
⇡

±
⇡

⌥
⇡

± 0.986
K

0
S ⇡

±
⇡

⌥
⇡

±
⇡

⌥ 0.986
K

±
⇡

⌥
⇡

±
⇡

⌥
⇡

0 0.986
K

0
S ⇡

±
⇡

⌥
⇡

±
⇡

0 0.986

K
±

K
⌥

K
± 0.986

K
±

K
⌥

K
0
S 0.986

8.5.5 Fraction of B ! K`+`�, B ! K⇤`+`�, and non-resonant B ! Xs`+`�

Fraction of three kinds of signal MC sample, B ! K`
+
`
�, B ! K

⇤
`
+
`
� and non-resonant B ! Xs`

+
`
�,

is based on the SM prediction on the branching fraction in this paper as discussed in Section 4.3.1.
Since the reconstruction e�ciency depends on the Xs decay modes, the uncertainty of the fraction of
Xs 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`

+
`
�

and B ! K
⇤
`
+
`
�.



Chapter 9

Validation with control modes

In this chapter, the measurements of the branching fraction on the B ! XsJ/ are discussed. Since the
measurement method of the control modes is almost same with that of B ! Xs`

+
`
�, the measurement

results can validate the method on the B ! Xs`
+
`
�, such as the reconstruction e�ciency estimation

and the signal extraction. Four exclusive B ! XsJ/ modes are used for the validation, B
+ ! K

+
J/ ,

B
0 ! K

0
J/ , B

0 ! K
⇤0

J/ , and B
+ ! K

+
⇡

�
⇡

+
J/ , in which the branching fractions have been

measured in previous studies.

9.1 Reconstruction of B ! XsJ/ (! `+`�)

The selection criteria on e
±

, µ
±

, K
±

,⇡
± and K

0
S are exactly same as those discussed in Section 5.1.

A K
⇤0 meson is reconstructed from K

+
⇡

� for the B
0 ! K

⇤0
J/ mode. The K

⇤0 candidates are
required to satisfy the mass criterion, |MK+⇡� � MK⇤0 | < 75 MeV/c

2 where MK⇤0 is the nominal K
⇤0

meson mass. For the B ! K
+
⇡

�
⇡

+
J/ mode, candidates are required to satisfy MK+⇡�⇡+ < 2.0 GeV/c

2

to suppress combinatorial backgrounds.
A J/ meson is reconstructed from e

+
e
� or µ

+
µ

�. The J/ candidates are required to satisfy the
mass criterion which is used to veto J/ for the B ! Xs`

+
`
� analysis discussed in Section 6.2.2.

�0.40 GeV/c
2

<Me+(�)e�(�) � MJ/ < 0.15 GeV/c
2 (9.1)

�0.25 GeV/c
2

<Mµ+µ� � MJ/ < 0.10 GeV/c
2 (9.2)

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

5.2 GeV/c
2

<Mbc < 5.3 GeV/c
2
, (9.3)

�0.15 GeV <�E < 0.15 GeV. (9.4)

Compared with B ! Xs`
+
`
�, the B ! XsJ/ (! `

+
`
�) 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 6.2) are
applied.

The reconstruction e�ciency is estimated with MC samples for each modes. The estimated e�ciency
is summarized in TABLE 9.1.

9.1.1 Signal MC for B+ ! K+⇡�⇡+J/ 

The MC samples for all modes except for B
+ ! K

+
⇡

�
⇡

+
J/ are extracted from the generic MC samples

which is described in Section 4.3. Since B
+ ! K

+
⇡

�
⇡

+
J/ has several resonances and non-resonant

components, the signal MC samples are produced according to the study of K
+
⇡

�
⇡

+ final states at the
Belle experiment [72].

Figure 9.1 shows the MK+⇡�⇡+ distribution at the MC truth level used to estimated the e�ciency. Fol-
lowing five resonances and non-resonant components are considered, K1(1270), K1(1400), K⇤(1410), K⇤

2
(1430),

and K
⇤(1680).
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TABLE 9.1: Reconstruction e�ciency on the control modes B ! XsJ/ estimated in MC samples.

Modes E�ciency

B
+ ! K

+
J/ (! e

+
e
�) 2.36%

B
0 ! K

0
J/ (! e

+
e
�) 0.633%

B
0 ! K

⇤0
J/ (! e

+
e
�) 0.640%

B
+ ! K

+
⇡

�
⇡

+
J/ (! e

+
e
�) 0.553%

B
+ ! K

+
J/ (! µ

+
µ

�) 2.59%
B

0 ! K
0
J/ (! µ

+
µ

�) 0.668%
B

0 ! K
⇤0

J/ (! µ
+
µ

�) 0.702%
B

+ ! K
+
⇡

�
⇡

+
J/ (! µ

+
µ

�) 0.627%
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FIG 9.1: MK+⇡�⇡+ distribution at the MC truth level which is used to estimated the reconstruction
e�ciency. 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 B+ ! XsJ/ 

The branching fraction is obtained by fitting the Mbc distributions. The branching fraction for B
+ modes

and B
0 modes can be calculated from the signal yields with the following function.

B(B+ ! X
+) =

Nsignal

2NBB ⇥ f+� ⇥ ✏
(9.5)

B(B0 ! X
0) =

Nsignal

2NBB ⇥ f00 ⇥ ✏
(9.6)

Here f+� and f00 are the branching fraction of ⌥ (4S) ! B
+
B

� and ⌥ (4S) ! B
0
B

0, 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 ! D⇡ samples shown in
TABLE 7.5.

9.3 Systematic uncertainty for B+ ! XsJ/ 

Relevant sources of systematic uncertainty which are described in Chapter 8 are considered. Additional
systematic uncertainty is due to f+� and f00. f+� and f00 are measured by BaBar, Belle, and CLEO
experiments, f+� = 0.514 ± 0.006 and f00 = 0.486 ± 0.006. The uncertainty of f+� or f00 is included as
the systematic uncertainty.

E�ciency correction

The reconstruction e�ciency estimated with MC samples is corrected with correction factors which are
discussed in Section 8.2. All correction factors except for the FastBDT e�ciency are considered, since
the FastBDT is not applied. The e�ciency correction on the B ! XsJ/ is summarized in TABLE 9.2.

TABLE 9.2: The e�ciency correction factors on the B ! XsJ/ .

Source K
+
J/ (e+

e
�) [%] K

0
J/ (e+

e
�) [%] K

⇤0
J/ (e+

e
�) [%] K

+
⇡

�
⇡

+
J/ (e+

e
�) [%]

Tracking e�ciency 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 ± 1.4 94.4 ± 2.9
K

0
S reconstruction - 100 ± 7.8 - -

Source K
+
J/ (µ+

µ
�) [%] K

0
J/ (µ+

µ
�) [%] K

⇤0
J/ (µ+

µ
�) [%] K

+
⇡

�
⇡

+
J/ (µ+

µ
�) [%]

Tracking e�ciency 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 ± 1.4 94.3 ± 2.9
K

0
S 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 9.2 and 9.3 show the pull distribution which are obtained by toy MC
tests. Obtained results of mean µpull and width �pull are summarized in TABLE 9.3. 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 2� level.
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FIG 9.2: Pull of number of signal distributions of the B ! XsJ/ (! e
+
e
�).
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�).
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TABLE 9.3: Obtained mean and width of the pull distributions on B ! XsJ/ control samples.

Modes µpull �pull

B
+ ! K

+
J/ (! e

+
e
�) �0.008 ± 0.031 0.994 ± 0.022

B
0 ! K

0
J/ (! e

+
e
�) �0.095 ± 0.032 1.023 ± 0.023

B
0 ! K

⇤0
J/ (! e

+
e
�) �0.071 ± 0.032 1.011 ± 0.023

B
+ ! K

+
⇡

�
⇡

+
J/ (! e

+
e
�) �0.037 ± 0.031 0.990 ± 0.022

B
+ ! K

+
J/ (! µ

+
µ

�) �0.044 ± 0.031 0.989 ± 0.022
B

0 ! K
0
J/ (! µ

+
µ

�) �0.018 ± 0.032 0.999 ± 0.022
B

0 ! K
⇤0

J/ (! µ
+
µ

�) �0.013 ± 0.031 0.976 ± 0.022
B

+ ! K
+
⇡

�
⇡

+
J/ (! µ

+
µ

�) �0.071 ± 0.032 1.009 ± 0.023

9.4 Results on the branching fraction of B+ ! XsJ/ 

Figure 9.4 and Figure 9.5 shows the Mbc distributions with fitting functions for B ! XsJ/ (! e
+
e
�)

and B ! XsJ/ (! µ
+
µ

�), respectively. The results of the branching fractions are summarized in
TABLE 9.4. The systematic uncertainty is summarized in TABLE 9.5.
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FIG 9.4: Mbc distributions of the B ! XsJ/ (! e
+
e
�) 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 9.6 shows comparison
on the branching fraction between the world average and our results. Most of our measurements are
consistent with the world average within 1�. Result on B

+ ! K
+
J/ with electron modes di↵ers from

with the world average, [9.97 ± 0.30] ⇥ 10�4, 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: Mbc distributions of the B ! XsJ/ (! µ
+
µ

�) 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 ! XsJ/ control samples.

Modes Branching fraction [10�4] Signal yields

B
+ ! K

+
J/ (! e

+
e
�) 8.69 ± 0.33(stat) ± 0.41(syst) 734 ± 27

B
0 ! K

0
J/ (! e

+
e
�) 9.40 ± 0.68(stat) ± 0.90(syst) 211 ± 15

B
0 ! K

⇤0
J/ (! e

+
e
�) 13.56 ± 0.85(stat) ± 0.81(syst) 268 ± 18

B
+ ! K

+
⇡

�
⇡

+
J/ (! e

+
e
�) 7.54 ± 1.11(stat) ± 1.60(syst) 148 ± 21

B
+ ! K

+
J/ (! µ

+
µ

�) 9.35 ± 0.34(stat) ± 0.54(syst) 780 ± 28
B

0 ! K
0
J/ (! µ

+
µ

�) 8.64 ± 0.66(stat) ± 0.88(syst) 183 ± 14
B

0 ! K
⇤0

J/ (! µ
+
µ

�) 14.28 ± 0.84(stat) ± 1.04(syst) 306 ± 18
B

+ ! K
+
⇡

�
⇡

+
J/ (! µ

+
µ

�) 8.87 ± 1.04(stat) ± 1.83(syst) 176 ± 19
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Our results, muon

FIG 9.6: Measurements results on the branching fractions of B ! XsJ/ 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�4. The total is obtained
from the sum in quadrature of all contributions.

Source K
+
J/ (e+

e
�) K

0
J/ (e+

e
�) K

⇤0
J/ (e+

e
�) K

+
⇡

�
⇡

+
J/ (e+

e
�)

Number of B meson pairs ±0.14 ±0.15 ±0.22 ±0.12
f+� or f00 ±0.11 ±0.11 ±0.16 ±0.09

Tracking e�ciency ±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
K

0
S reconstruction - ±0.74 - -

Fitter bias - ±0.06 ±0.06 -

Source K
+
J/ (µ+

µ
�) K

0
J/ (µ+

µ
�) K

⇤0
J/ (µ+

µ
�) K

+
⇡

�
⇡

+
J/ (µ+

µ
�)

Number of B meson pairs ±0.15 ±0.14 ±0.23 ±0.14
f+� or f00 ±0.12 ±0.10 ±0.17 ±0.10

Tracking e�ciency ±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
K

0
S reconstruction - ±0.69 - -

Fitter bias - - - ±0.07



Chapter 10

Results and Discussion

10.1 Results on B ! Xse+e� and B ! Xsµ+µ�

Figure 10.1 shows Mbc 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: Mbc distributions of the B ! Xs`
+
`
� 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 [10�6] Signal yields

B ! Xse
+
e
� 4.86+2.75

�2.42(stat)+1.02
�0.92(syst) 8.25+4.69

�4.09(stat)+1.33
�1.25(syst)

B ! Xsµ
+
µ

� 0.78+2.21
�1.85(stat)+0.43

�0.38(syst) 1.37+3.87
�3.24(stat)+0.74

�0.65(syst)

The systematic uncertainties which are discussed in Chapter 8 are summarized in TABLE 10.2. The
uncertainties are categorized as additive uncertainty which might induce a bias on signal yields and
multiplicative uncertainty which a↵ect the reconstruction e�ciency 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 10�6. The uncertainties are
categorized as additive (A) or multiplicative (M).

Source B ! Xse
+
e
�

B ! Xsµ
+
µ

�

Number of B meson pairs (M) ±0.08 ±0.01

Tracking e�ciency (M) +0.19
�0.18 ±0.02

Electron ID (M) +0.13
�0.10 -

Muon ID (M) - +0.02
�0.03

Kaon ID (M) ±0.06 ±0.007
Pion ID (M) +0.02

�0.04 ±0.004
K

0
S reconstruction (M) +0.03

�0.04
+0.005
�0.006

⇡
0 reconstruction (M) +0.007

�0.010 ±0.001
FastBDT e�ciency (M) +0.21

�0.19 ±0.02

E�ciency correction +0.32
�0.29

+0.036
�0.043

Pull bias (A) +0.54
�0.48

+0.35
�0.29

Pull width (A) +0.26
�0.23

+0.10
�0.09

Fitter bias +0.60
�0.53

+0.36
�0.30

Signal mean (A) ±0.08 +0.02
�0.03

Signal width (A) ±0.16 +0.008
�0.004

Self cross-feed ratio (A) +0.46
�0.47 ±0.05

Double mis-ID yields (A) ±0.10 +0.16
�0.15

Swapped mis-ID yields (A) ±0.002 ±0.09
Charmonium yields (A) ±0.04 ±0.10

Fixed parameters ±0.51 +0.22
�0.21

K
⇤-Xs transition (M) +0.02

�0.13
+0.01
�0.02

b-quark mass (M) ±0.03 ±0.003
Fermi motion momentum (M) +0.07

�0.06
+0.005
�0.011

Fragmentation and missing modes of Xs (M) +0.15
�0.14 ±0.02

Fraction of B ! K`
+
`
� (M) +0.53

�0.41
+0.09
�0.07

Fraction of B ! K
⇤
`
+
`
� (M) +0.12

�0.10
+0.010
�0.004

Signal modeling +0.57
�0.47

+0.094
�0.077

Total additive +0.78
�0.74

+0.42
�0.37

Total multiplicative +0.65
�0.55

+0.100
�0.087

Total +1.02
�0.92

+0.43
�0.38
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10.2 Results on B ! Xs`+`�

The branching fraction of B ! Xs`
+
`
� is obtained by simultaneous fitting of Mbc distributions of

B ! Xse
+
e
� and B ! Xsµ

+
µ

� assuming the lepton flavor universality. Mbc distributions and the
fitting function are shown in FIG 10.2. The central value of the branching fraction is shown in TABLE
10.3.
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FIG 10.2: Mbc distributions of the B ! Xs`
+
`
� 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 [10�6]

B ! Xs`
+
`
� 2.78+1.82

�1.65(stat)+0.66
�0.61(syst)

The systematic uncertainty for the simultaneous fitting is summarized in TABLE 10.4. Systematic
uncertainties due to the number of BB pairs, e�ciency 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
p

�2 log(L0/Lmax),
where Lmax and L0 is the likelihood from the nominal fit and from the fit omitting the signal compo-
nent, respectively. The obtained statistical significances are 2.1�, 0.40�, and 1.7� for the B ! Xse

+
e
�,

B ! Xsµ
+
µ

�, and B ! Xs`
+
`
�, 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 2.0�, 0.40�, and 0.17� for the B ! Xse

+
e
�, B ! Xsµ

+
µ

�, and B ! Xs`
+
`
�, respectively.

Since the significance of the signals are below 2� for B ! Xsµ
+
µ

� and B ! Xs`
+
`
�, 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, B90(95), is obtained from the following equation.

0.90(0.95) =

R B90(95)

0
L(B)dB

R 1
0

L(B)dB
(10.1)
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TABLE 10.4: Systematic uncertainties on the branching fraction in unit of 10�6. The uncertainties are
categorized as additive (A) or multiplicative (M).

Source B ! Xs`
+
`
�

Number of B meson pairs (M) ±0.04

Tracking e�ciency (M) +0.11
�0.10

Electron ID (M) +0.006
�0.012

Muon ID (M) +0.07
�0.13

Kaon ID (M) ±0.03
Pion ID (M) +0.01

�0.02

K
0
S reconstruction (M) ±0.02

⇡
0 reconstruction (M) +0.001

�0.005

FastBDT e�ciency (M) +0.10
�0.09

E�ciency correction +0.17
�0.19

Pull bias (A) +0.46
�0.41

Pull width (A) +0.19
�0.18

Fitter bias +0.50
�0.45

Signal mean (A) ±0.05
Signal width (A) ±0.06
Self cross-feed ratio (A) +0.15

�0.17

Double mis-ID yields (A) ±0.12
Swapped mis-ID yields (A) +0.03

�0.04

Charmonium yields (A) +0.07
�0.09

Fixed parameters +0.22
�0.24

K
⇤-Xs transition (M) +0.04

�0.08

b-quark mass (M) ±0.01
Fermi motion momentum (M) ±0.04
Fragmentation and missing modes of Xs (M) +0.09

�0.08

Fraction of B ! K`
+
`
� (M) +0.32

�0.25

Fraction of B ! K
⇤
`
+
`
� (M) +0.04

�0.03

Signal modeling +0.34
�0.28

Total additive +0.54
�0.51

Total multiplicative +0.38
�0.34

Total +0.66
�0.61
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FIG 10.3: Negative log-likelihood statistical-only profiles for the branching fraction of B ! Xs`
+
`
�.
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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 10.5 shows the results of the branching fractions.

TABLE 10.5: Results on the branching fractions.

Modes Branching fraction [10�6]

B ! Xse
+
e
� 4.86+2.75

�2.42(stat)+1.02
�0.92(syst)

B ! Xsµ
+
µ

�
< 4.67 (5.61) at 90% (95%) CL

B ! Xs`
+
`
�

< 5.54 (6.30) at 90% (95%) CL

The results on the branching fractions are compared with other measurements in FIG 10.4. For
B ! Xse

+
e
� and B ! Xsµ

+
µ

�, the results are consistent with the world average, (6.67 ± 0.82) ⇥ 10�6

and (4.27+0.98
�0.91) ⇥ 10�6, within 1� of the uncertainty. Moreover, our results are consistent with other

measurements and the SM predictions.
The result of B ! Xs`

+
`
� is also consistent with the world average, Belle measurement and the SM

prediction. Compared with the BaBar measurement, (6.73+0.92
�0.87) ⇥ 10�6, our results are smaller and the

di↵erence is at level 1.4 standard deviation of BaBar measurement.

0 1 2 3 4 5 6 7 8 9 10
]-6BR [10

-l+lsX→B

-µ+µsX→B

-e+esX→B

>0.2 GeV) eeSM prediction (M
) 2>0.1 GeVee

2BaBar (M
>0.2 GeV) eeBelle (M

World Ave. 
>0.2 GeV) eeBelle II (M

FIG 10.4: Measurement results of the branching fractions of B ! Xs`
+
`
�. 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
2.2.

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

One of the dominant sources of the systematic uncertainties is due to the fitter bias discussed in Section
7.2, 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 Xs, 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`
+
`
� branching fraction. The fraction will be directly determined by the

measurement of MXs distribution, d�/dMXs , in B ! Xs`
+
`
� decays using large statistics. Belle II

will also perform the precise measurements of branching fraction on B ! K
(⇤)
`
+
`
� which contribute

to reduce this uncertainty. Moreover, the fragmentation of Xs 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
di↵erence between data and MC on the particle ID and tracking e�ciency will be understood and thus
the systematic uncertainty due to the e�ciency 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 ! XsJ/ control samples. Thus, this component will decrease when the statistics increase.

Prospect

This thesis is based on the integrated luminosity of 34.6 fb�1 including 37.7 ⇥ 106
BB pairs. Belle II

continues to accumulate data and an integrated luminosity of 600 fb�1 and that of 1.1 ab�1 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�1 [16] and Belle measurements based
on partial date corresponding to an integrated luminosity of 140 fb�1 [17], the most precise measurements
of the branching fraction will be performed at early stage of Belle II.

In addition, the first measurement of RXs will be performed for the further test of LFU. The BaBar
measurements of the branching fraction correspond to RXs = 0.57+0.18

�0.17 assuming the systematic un-
certainties are negligible in the ratio. Using the data set corresponding to an integrated luminosity of
1.1 ab�1, 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 RXs from the unity at 3.8� level. Furthermore, Belle II will
continue data taking aiming 50 ab�1 which is one hundred over larger than BaBar statistics. The RXs

measurements using upcoming Belle II full data set will provide decisive information to the lepton flavor
universality test.
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Conclusion

The inclusive B ! Xs`
+
`
� decays are a great probe for physics beyond the standard model of particle

physics. Moreover, B ! Xs`
+
`
� 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 ! Xs`
+
`
� decay using the data set

accumulated by Belle II experiment which corresponds to 37.7 million BB pairs. The obtained results
are

B(B ! Xse
+
e
�) = [4.86+2.75

�2.42(stat)+1.02
�0.92(syst)] ⇥ 10�6 (11.1)

B(B ! Xsµ
+
µ

�) < 4.67(5.61) ⇥ 10�6
at90%(95%)CL (11.2)

B(B ! Xs`
+
`
�) < 5.54(6.30) ⇥ 10�6

at90%(95%)CL (11.3)

Because the statistical significance on B ! Xsµ
+
µ

� and B ! Xs`
+
`
� is less than 2�, the upper limit on

the branching fraction is set for these modes. The branching fraction of B ! Xse
+
e
� and B ! Xsµ

+
µ

�

is consistent with previous measurements and the SM prediction. Result of B ! Xs`
+
`
� is consistent

with the world average, Belle measurement and the SM prediction, while the di↵erence from BaBar is at
1.4� level.

The analysis procedure of B ! Xs`
+
`
� 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

(⇤)
`
+
`
� 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
�E distribution. The MC samples were tuned to adequately reproduce the observed data distribution.

The �E distributions of the control samples of B
+ ! K

+
`
+
`
� and B

+ ! K
+
⇡

0
`
+
`
� are fitted with

Crystal Ball function and the first order polynomial function. Figure A.1 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 �E of MC samples are shifted by the mean di↵erences depending
the existence of ⇡0. Moreover, the �E distribution of MC samples are smeared with a Gaussian of width
given by

p
�

2

data
� �

2

MC
.
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FIG A.1: �E distributions of B ! K
+
`
+
`
� with the fitting function
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FIG A.2: �E distributions of B ! K
+
⇡

0
`
+
`
� with the fitting function
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Appendix B

Lepton ID e�ciency 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) e�ciency.

The reconstruction e�ciency calculated in Monte-Carlo (MC) sample can be di↵erent from the data
due to various reasons. It is necessary to know the di↵erence of the e�ciency for a better estimation of
the branching fraction. Particle ID e�ciency should be known precisely for the flavor physics. Especially,
the lepton ID e�ciency is very important for the lepton-flavor-universality test with B ! Xs`

+
`
�.

The two-photon process e
+
e
� ! e

+
e
�
`
+
`
� is used as signal channel to study the lepton ID e�ciency.

This process has only two leptons (`+`�) in the detector region and electron-positron (e+
e
�) escapes

into the beam pipe. One can use a lepton to probe the lepton ID e�ciency 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 ⌥ (4S) resonance in the Phase3 of Belle II are used for this study. The data
sample are equivalent with that of B ! Xs`

+
`
� analysis. The amount of data corresponds to an

integrated luminosity of 34.6 fb�1 which.

B.3.1 Monte-Carlo simulation sample

For the simulation study, we have produced MC samples listed in TABLE B.1. TABLE B.1 shows the
number of events and the equivalent luminosity of each sample. Phase3 Belle II 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 <

2.0 cm, |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 ⌧

+
⌧

� events, the following selection
is then applied:

• 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�1]

e
+
e
�

e
+
e
� 39.74 ⇥ 108 100

e
+
e
�

µ
+
µ

� 18.87 ⇥ 108 100
e
+
e
�
⇡

+
⇡

� 18.95 ⇥ 106 10
e
+
e
�

K
+
K

� 0.798 ⇥ 106 100
e
+
e
�

pp 0.117 ⇥ 106 100
⌧

+
⌧

� 91.9 ⇥ 106 100
e
+
e
�(�) 29.4 ⇥ 108 10

µ
+
µ

�(�) 0.574 ⇥ 108 50

• cos ✓open > �0.997, ✓open is an opening angle of two tracks in the lab frame. This selection helps
to veto cosmic events.

• |~p⇤
z+

+ ~p
⇤
z�| < 2.5 GeV.

• E
⇤
vis

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

• |~p⇤
t+ + ~pt�⇤ | < 0.15 GeV

• M`+`� < 3.0 GeV

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 M`+`� < 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
e↵ect on the reconstruction e�ciency. Moreover, the L1 trigger might induce a bias on the lepton ID
e�ciency, 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 e�ciency. We applied the following tag selection on a track to select e

+
e
�

e
+
e
�

or e
+
e
�

µ
+
µ

�.

• electron : PIDe > 0.95

• muon : PIDµ > 0.95 and p > 0.7 GeV/c

The other lepton track is used as a probe particle.

B.5 Lepton ID e�ciency calculation

The lepton ID e�ciency 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 Ntag. Then, we applied the following
probe selections on the probe track.

• electron ID e�ciency : PIDe > 0.9

• muon ID e�ciency: PIDµ > 0.9
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The number of event satisfying the probe selection is denoted as Nprobe.
In the MC study, the LID e�ciency is calculated from just a fraction of Ntag and Nprobe using only

signal samples.

✏
MC =

Nprobe

Ntag

. (B.1)

On the other hand, Ntag and Nprobe must contain some background events in the data. The contri-
bution of the backgrounds should be subtracted to obtain the correct LID e�ciency. We define the LID
e�ciency in the data as the following.

✏
Data =

Nprobe � f ·
P

T

P
P n

T,P
probe

· rT · rP

Ntag � f ·
P

T

P
P n

T,P
tag

· rT

(B.2)

where f is the fraction of number of events between data and MC before tag and probe selections.
n

T,P
tag/probe

is the number of background events estimated in MC and rT (P ) is a correction of mis-ID
probability or e�ciency between data and MC. T and P are the type of particle on the tag and probe
side track, respectively (T, P = e, µ,⇡, K, p). Note that, we eliminate T = P = e and T = P = µ cases
for the electron, muon e�ciency, respectively.

Momentum of the probe particle and M`+`� distributions of the data samples and background events
estimated with MC sample are shown in FIG B.1 and FIG B.2 for electron ID e�ciency study and muon
ID e�ciency study, respectively. Dominant source of the backgrounds is other two photon events, mainly
e
+
e
�
⇡

+
⇡

� events.
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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 e↵ects

The generation of MC samples of hadronic two photon events, such as e
+
e
�
⇡

+
⇡

�, 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
n

T,P (T, P = ⇡, K, p) from 0.9·nT,P to 1.1·nT,P . The interval of ✏Data 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 e�ciency is calculated as function of momentum and polar angle of lepton. TABLE
B.2 and TABLE B.3 show the definition binning of electronID, muonID e�ciency. The bins are chosen
according to the ECL and KLM geometry.

The lepton e�ciency 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 – 1.5 1.13 – 1.57 (Central FWD barrel)
1.5 – 2.0 1.57 – 1.88 (Central BWD barrel)
2.0 – 2.5 1.88 – 2.23 (BWD barrel)
2.5 – 3.0 2.23 – 2.71 (BWD end-cap)

B.8 Results

B.8.1 electron ID e�ciency

Figure B.3 and B.4 show the electron ID e�ciency and the correction between data and MC for PIDe >

0.9.
The e�ciency at > 1 GeV regions is around 98%. In the region of 0.5 < p < 1.0 GeV/c, the CDC

dE/dx band of electron and that of kaon are crossing and thus the e�ciency is less than other region.
The e�ciency 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 dE/dx is challenging. Fluctuation
of the ratio in the region will be decreased by dedicated calibration study.

muon ID e�ciency

Figure B.5 and B.6 show results of the muon ID e�ciency for PIDµ > 0.9.



APPENDIX B. LEPTON ID EFFICIENCY CORRECTION AND UNCERTAINTY WITH
TWO-PHOTON EVENTS 91

TABLE B.3: Definition of binning for muonID study.

pLAB bins [ GeV ] ✓ 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 – 2.5 1.78 – 2.13 (BKLM-solenoid-chimney)
2.5 – 3.0 2.13 – 2.22 (BWD EKLM-BKLM separation)

2.22 – 2.60 (BWD EKLM)

FIG B.3: Electron ID e�ciency of data for PIDe > 0.9.



92 B.8. RESULTS

FIG B.4: Ratio of electron ID e�ciency between data and MC for PIDe > 0.9.

Since low momentum tracks cannot reach the KLM, the e�ciency in the region of p < 0.7 GeV/c is
lower than the other regions. The e�ciency is increasing as a function of p and that at p > 1.5 GeV is
around 90%.

The e�ciency 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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FIG B.5: Electron ID e�ciency of data for PIDµ > 0.9.

FIG B.6: Ratio of electron ID e�ciency between data and MC for PIDµ > 0.9.
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