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研究の背景

LHC 13 TeV における直接探索で標準模型を超える物理の兆候が得られていない

→ 新物理はより⾼いエネルギー領域に存在？間接探索が重要に！

𝒃 → 𝒔ℓ!ℓ" 過程
p Flavor Changing Neutral Current (FCNC)過程

• 標準模型ではループを介するダイアグラムで⽣成
• ループに現れる新粒⼦やFCNCをツリーレベル

で⽣じさせる新物理の探索に有効

p 𝑞!(= 𝑀ℓ!ℓ"
! ) とレプトンの⾓度分布を使うことで、

新物理探索に重要な観測量が豊富に得られる
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標準模型における𝒃 → 𝒔ℓ!ℓ" のダイアグラム
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新物理における𝒃 → 𝒔ℓ!ℓ"のダイアグラムの例

𝑏 𝑠

𝜇 𝜇

𝑈

𝑈 : ベクター型の
Leptoquark 



Effective Hamiltonian

p 理論的解析フレームワーク

p 重い粒⼦(𝑡-クォーク,𝑊,𝑍など)の寄与を積分して、𝑏 → 𝑠 過程のHamiltonianを計算

• 重い粒⼦はWilson係数 𝐶# に、軽い粒⼦はO に含まれる

p 標準模型では、𝑏 → 𝑠ℓ$ℓ% はO&,(,)* のオペレータで記述
• 標準模型：𝐶&~ − 0.33, 𝐶(~4.1, 𝐶)*~ − 4.2

→ 新物理が存在すると、Wilson係数のズレや、
異なるオペレータの寄与として現れる

• モデル⾮依存な探索が可能 ! "
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4 2.3. INCLUSIVE B ! XS`
+
`
� DECAYS

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

= 1. 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�
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bL), (2.2)
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O10 =
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mb(sL�µbL)

X
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(`�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
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X
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µ3T
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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) ⇠ �0.3, C9(µb) ⇠ 4, C10(µb) ⇠ �4.
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.

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 [25] and the forward-backward asymmetry dAFB/dq
2 [26]. They are mainly
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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 =

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.
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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.

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`
+
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� process with good theoretical predictions. Compared with exclusive

B ! K
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`
+
`
� 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,
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Exclusive decay : 𝑩 → 𝑲(∗)ℓ$ℓ% Inclusive decay : 𝑩 → 𝑿𝒔ℓ$ℓ%

⼿法 特定のハドロン終状態 : 𝐾(∗) 𝑠-クォークを含む全ハドロン終状態 : 𝑋&

実験的特徴 実験的に測定が⽐較的容易 背景事象が⾮常に多い
(LHCb での研究は困難)

理論的特徴 ハドロン不定性が⼤きい
• 崩壊分岐⽐の⽐を取る等の⼯夫が必要

ハドロン不定性が⼩さい
• 崩壊分岐⽐⾃体の測定も重要

研究状況 LHCbで標準模型からの乖離が⾒られている
（次ページで詳細）

BaBar, Belle の結果は統計誤差が⼤きく、
有意な乖離は発⾒されていない

𝑩 → 𝑿𝒔ℓ!ℓ" の研究で𝑩 → 𝑲 ∗ ℓ!ℓ"の結果を検証することが重要
→ Belle II 実験は⾼統計量で𝑩 → 𝑿𝒔ℓ!ℓ" の研究ができる唯⼀の実験



研究状況：レプトン普遍性について
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LHCb の𝑩 → 𝑲 ∗ ℓ!ℓ"における
𝑹𝑲(上)と𝑹𝑲∗(下)の測定結果p 標準模型のゲージ結合は、レプトンの種類に依らず普遍的

崩壊分岐⽐の電⼦とミューオンの⽐, 𝑹𝑲 ∗ :

p ℓ = 𝑒, 𝜇 で崩壊分岐⽐は同じ → 𝑅0 ∗ = 1.00 (𝑞!(= 𝑀ℓℓ
! ) > 1.0 GeV!)

p 𝑅0, 𝑅0∗ のいずれも 1より⼩さい⽅向にずれている(1 ≤ 𝑞! ≤ 6 GeV!) 
= レプトン普遍性の破れ？新物理？
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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.

the plane defined by the di-lepton pair and the plane defined by the K⇡ in the B-meson rest frame.
Following the definition given in [33], 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 [33]. 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
q
2
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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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 < q2 < 16.40GeV
2/c4 (12.5 < q2 < 14.2GeV

2/c4).
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本研究の⽬標
⽬標：Belle II 実験で初めて𝑩 → 𝑿𝒔ℓ!ℓ" についての測定を⾏う

Belle II 実験の Golden mode の⼀つ. 将来の研究に向けて解析⼿法を確⽴する

p 崩壊分岐⽐
• 新物理探索に重要な観測量

p 𝑅1$ : 崩壊分岐⽐の電⼦とミューオンの⽐
• ⽐を取ることで系統誤差をキャンセル

出来るため、実験初期で特に重要
• LHCb 実験の𝑅0(∗) のアノマリーの検証
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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.

Measurements of B ! Xs`+`�

Belle and BaBar experiments have already performed measurements on B ! Xs`
+
`
� [29] [12] [2] [30]

[11]. 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 [12] and in BaBar

using 471 ⇥ 106
BB pairs [11]. 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 [31] [32]. 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+0.17

�0.18
assuming the systematic uncertainties are negligible in the RXs

due to taking ratio. The di↵erence from the unity is at 2.5� 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

B(B ! Xs`
+
`
�) =

�(B ! Xs`
+
`
�)

�total

(2.24)

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.

CHAPTER 2. PHYSICS MOTIVATION 5

! "

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.

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 + C

2

10
)(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)2sC10Re

✓
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 [27].

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)2sC10Re

✓
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
q
2
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 [28]

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

0
µ

i
)
⌘

+
X

i=9,10

Re
⇣
C

SM

i
(CNPe

i
+ C

0
e

i
)
⌘
3

5 (2.23)
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先⾏研究での研究状況
p 崩壊分岐⽐の予⾔値と測定結果

𝑩 → 𝑿𝒔𝒆(𝒆)[10-6] 𝑩 → 𝑿𝒔𝝁(𝝁)[10-6] 𝑩 → 𝑿𝒔ℓ(ℓ)[10-6]
Belle 4.05 ± 1.30)*.,-(*.,. 4.13 ± 1.05)*.,/(*.,0 4.11 ± 0.83)*.,/(*.,0

BaBar 7.69)*...)*.1*(*.,2(*../ 4.41)/./.)*.0*(/.-/(*.1- 6.73)*.13)*.01(*..*(*.1*

世界平均 6.67 ± 0.82 4.27)*.4/(*.4, 5.84 ± 0.69

標準模型 4.3 ± 0.7 4.15 ± 0.70 4.18 ± 0.70

佐藤瑶
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Belle II 実験
Belle II 実験とBelle II 検出器について



Belle II 実験
p B中間⼦対を⼤量に⽣成・崩壊過程を精密測定

• CP対称性の破れ、FCNC過程における新物理探索

p SuperKEKB 加速器で電⼦陽電⼦を衝突
• 電⼦: 7 GeV, 陽電⼦: 4 GeV → Υ 4𝑆 共鳴状態 → 𝐵 7𝐵 事象

p 前⾝のBelle 実験から加速器・検出器をアップグレード
• ⽬標：ルミノシティを40倍、データ量を50倍 (50 ab-1)
• 測定器性能の⾼度化、⾼イベントレート下でのデータ取得

p 2018/4/26 : 初めて衝突事象を観測

p 今回使⽤するデータ(2019/3-2020/7) :
積分ルミノシティ 34.6 fb-1 = 37.7 M 𝐵 7𝐵対

佐藤瑶
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SuperKEKB 加速器

2019/3 2020/7



Belle II 検出器
p VXD 崩壊点検出器

• PXD + SVD
• B中間⼦の崩壊位置の測定

p CDC ⾶跡検出器
• 荷電粒⼦の運動量測定
• 𝑑𝐸/𝑑𝑥 による粒⼦識別

p TOP/ARICH 粒⼦識別装置
• チェレンコフ光を利⽤した𝐾/𝜋 識別

p ECL 電磁カロリメータ
• 光⼦のエネルギー測定
• 電⼦の識別

p KLM 𝐾(/𝜇 検出器
• ミューオンの識別

佐藤瑶
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Belle II 検出器



解析の概要
ブラインド解析

Monte-Carlo サンプル
Sum-of-Exclusive Method



解析の概要

0.5 1 1.5 2 2.5 3
 [GeV]XsM

0

10

20

30

40

50

En
tri

es
 / 

20
 M

eV

K
pK
pK2
pK3
pK4

3K
others

𝑲 𝑲∗ non-resonant 𝑿𝒔

MC

佐藤瑶

13

博⼠論⽂発表会 2021年1⽉28⽇

p ブラインド解析：Monte-Carlo (MC)シミュレーションで
解析⼿順を最適化した後、実データを⽤いて測定を⾏う

p 信号事象のMCサンプル : 
標準模型の予⾔値を元に、3種類のサンプルを組み合わせる
• 𝐾ℓ!ℓ" : 8.4%   (𝐵𝑟 = 0.35×10"))
• 𝐾∗ℓ!ℓ" : 28.7% (𝐵𝑟 = 1.19×10"))
• non-resonant 𝑋&ℓ!ℓ" : 62.9% (𝐵𝑟 = 2.61×10")) 

→ 𝐵 → 𝑋&𝛾 で観測された𝑀*"を再現するよう𝑀*" > 1.1 GeVを要求

p Sum-of-Exclusive Method：多くの終状態から𝑋& を再構成
• 𝐾𝑛𝜋 (0 ≤ 𝑛 ≤ 4) : 𝜋+ は最⼤１つ
• 3𝐾 : 𝐾,+ は最⼤１つ
• (2つ以上𝜋*や、5つ以上𝜋を持つモードは効率が低く、背景事象が多い)

→ 全終状態の63％をカバー、𝐾(+を含めれば83.1%

• 𝑏 → 𝑠ℓ(ℓ)のMatrix elementを元に計算
• 𝐵中間⼦内での𝑏-quarkの運動をFermi 

motion modelで考えて𝑀5!を計算



𝑩 → 𝑿𝒔ℓ"ℓ#の再構成
粒⼦選別
𝑋Mの再構成

𝐵中間⼦の再構成

𝑀NOとΔ𝐸 について



粒⼦選別
p 荷電粒⼦ : 𝑒, 𝜇, 𝜋, 𝐾

• VXD+CDC から⾶跡を再構成・運動量を測定
• 検出器情報から粒⼦の種類を識別

• 各検出器で各粒⼦のLikelihoodを計算し、Likelihood ratio を識別の指標に⽤いる
• 識別効率・誤識別率は、Belle II 実験の性能として評価されている

→ 本研究で重要なレプトン識別性能を、⼆光⼦過程(𝑒𝑒 → 𝑒𝑒ℓℓ)によって評価した
電⼦(左)とミューオン(右)の識別効率の測定結果

佐藤瑶
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粒⼦選別(続き)と𝑿𝒔の再構成

p 𝑋4
• 𝐾𝑛𝜋 0 ≤ 𝑛 ≤ 4 , 3𝐾 の終状態から再構成
• 𝑀1$ < 2.2 GeV を要求

(後で2.0 GeVを要求)

p 𝐾5 : 𝜋$𝜋% から再構成

• 不変質量(~4𝜎)
• 崩壊点位置情報
から選別

p 𝜋* : 𝛾 𝛾 から再構成

• 不変質量(~1.5𝜎)
• ⾓度情報
• 運動量条件
から選別
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𝐵中間⼦の再構成

p 𝑋4 と𝑒$𝑒%, 𝜇$𝜇% から再構成

p 𝑀56 ≡ 𝐸5789∗ ; − 𝑝<∗
;

: B中間⼦の質量にピーク

• 5.2 < 𝑀9: < 5.3 GeV

• 𝑀9: 分布をフィットして信号事象数を測定する
• 背景事象の分布を正しく測定するために、
ピーク以下の部分も残しておく

p Δ𝐸 ≡ 𝐸5789∗ − 𝐸<∗ : 0 にピーク
• −0.15 < Δ𝐸 < 0.15 GeV

• 背景事象選別に⽤いる
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背景事象について
背景事象の取り扱い⽅針

背景事象選別
ピークを作る背景事象の⾒積もり



背景事象の取り扱い⽅針
𝑀9: 分布のフィットから信号事象数を測定したい
... が、背景事象をどうにかしないと不可能！

p ピークを作る背景事象
• 𝐵 → 𝑋& 𝐽/𝜓 → ℓ!ℓ"

• 粒⼦の誤識別(例 : 𝐵 → 𝐾𝜋𝜋を𝐾ℓℓと間違える)

信号事象数を正しく測定するために確実に除去＆
どのくらい混⼊するかデータで正しく⾒積もる

p ピークを作らない背景事象
• 𝐵 7𝐵 事象のSemi-leptonic Decay

(例 : 𝐵 → 𝐷 → 𝑋ℓ"�̅� ℓ!𝜈)
• 𝑐 ̅𝑐 事象のSemi-leptonic Decay

機械学習で信号事象を保持しつつ効率良く削減
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𝑩=𝑩事象 𝒒=𝒒事象
(𝒒 = 𝒄, 𝒔, 𝒅, 𝒖)

信号事象



事前選別
p 測定範囲の設定

• 𝑀-- > 0.2 GeV : 𝛾 → 𝑒!𝑒", 𝜋+ → 𝑒!𝑒"𝛾 の抑制
• 𝑀*" < 2.0 GeV : 組み合わせ間違いの抑制
→ 先⾏研究・理論予測との⽐較に適した値を利⽤

p 確実に落とせる背景事象を除去(機械学習の効率化)
• −0.10 < Δ𝐸 < 0.05 GeV (電⼦)
• −0.05 < Δ𝐸 < 0.05 GeV (ミューオン)
• 崩壊点位置が⼤きく異なる事象の除去

(𝐵 → 𝐷 → 𝑋ℓ"�̅� ℓ!𝜈 では、𝐷の崩壊点が異なる)

→ ７割以上の背景事象を除去！
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ピークを作る背景事象の除去
p チャーモニウム事象の除去(例 : 𝑩 → 𝑿𝒔 𝑱/𝝍(→ ℓ$ℓ%))

• 信号事象と同じ終状態
→ 混⼊の⾒積もりが困難なので確実な除去が必要

• 𝑀ℓ!ℓ" が 𝑀=/?, 𝑀? !5 に近い事象を除去
• 除去した事象はデータとMCの違いの補正に利⽤

p 𝑫中間⼦由来の事象の除去(例 : 𝑩 → 𝑫𝝅 → 𝑲𝝅𝝅)
• 粒⼦の種類を誤識別すると誤って混⼊

→ 誤識別率を使うことで⾒積もり可能(後述)
系統誤差削減のため可能な限り除去したい

• 𝐵中間⼦の娘粒⼦を組み合わせて、𝐷中間⼦の質量に
近い組み合わせがあれば除去
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𝑱/𝝍 𝝍 𝟐𝐒



FastBDTによる事象選別

p 機械学習の⼀つであるFastBDT を利⽤して、効率良く事象選別を⾏う
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!⃗ = {%, ', (, … }

…

Decision Tree (DT)

• ノード毎に変数と
閾値をTraining

• 深いTreeほど、
正確だが過学習
しやすい

FastBDT

• 浅いDTを連続して学習
• 過学習を避けつつ

⾼速で正確に選別
• 各DTの結果を元に

最終結果を出⼒
[DTの数:200, DTの深さ:3]

(左)事象選別前, (右)ピーク除去後の𝑴𝐛𝐜分布
ピークを作る事象を取り除いた！
... が、まだ背景事象は信号事象の600倍程度

! < #

$ > & $ > '

( > ) ( > * ( > # ( > +

!⃗ = {%, ', (, … }



𝚫𝑬 Likelihood

• Δ𝐸 分布を𝜋*の有無で分けて
尤度関数を定義

• 𝐵 ]𝐵 事象、𝑞]𝑞 事象の分離に
有効

𝐜𝐨𝐬𝜽𝑩∗

• 𝑒$𝑒%の重⼼系での𝐵 中間⼦の
極⾓分布

• Υ 4𝑆 (スピン1) が𝐵(スピン0) 
対に崩壊 → 1 − cos! 𝜃I∗

KSFW moment 𝒉𝒄𝟐𝑺𝑶

• 運動量の位相空間分布を、
ルジャンドル多項式で展開

• 𝐵 ]𝐵 事象(等⽅的)と𝑞]𝑞 事象
(ジェット形状)の区別に有効

⼊⼒変数の紹介
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FastBDT による事象選別の結果
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FastBDT の出⼒結果
(𝒆!𝒆", 𝑴𝑿𝒔 < 𝟏. 𝟏 𝐆𝐞𝐕, 𝑩g𝑩) p 効率良く選別するため、特徴の違いに合わせて別々にTraining

• Training sample として、それぞれ 80000 events 以上使⽤

p 𝑀12 ∈ [5.27,5.29] の範囲でFOMを最⼤化するよう閾値を決定 : 

𝐹𝑂𝑀 =
𝑁&34567

𝑁&34567 + 𝑁869:4;<=5>

p 候補が複数ある場合はFastBDTの出⼒結果が良い⽅を選択

信号事象の46.6% を保持しつつ、
背景事象を99.5% 削減！

信号事象のピークが明らか
𝑀9: 分布のフィットが可能に！
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ピークを作る背景事象の種類
ピークを作る背景事象の⼤部分は除去した。

だが、正しく信号事象数を測定するには、
データからピークを作る背景事象数を⾒積もることが重要

p チャーモニウム由来の事象
(例) 𝐵 → 𝑋& 𝐽/𝜓 → ℓ!ℓ"

p Double misID background 
• 2回ハドロンをレプトンに誤識別
(例) 𝐵 → 𝐾𝜋!𝜋" を𝐵 → 𝐾𝜇!𝜇" と間違える

p Swapped misID background
• ハドロンをレプトン、レプトンをハドロンに誤識別
(例) 𝐵 → 𝐾𝜋!𝜇!𝜇" を𝐵 → 𝐾𝜇!𝜋!𝜇" と間違える

データを使って⾒積もる
（次ページで詳細）

MCを使って⾒積もる
(系統誤差をConservativeに)

佐藤瑶
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𝐵 → 𝑋4ℎ$ℎ%
の事象数

ピークを作る背景事象の⾒積もり⽅法

p Double misID
𝐵 → 𝑋&ℎ!ℎ" (ℎ : ハドロン)として再構成し、
誤識別率(𝑓ℓ : ハドロン→レプトン)で重み付け
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p Swapped misID
𝐵 → 𝑋& 𝐽/𝜓 𝜓 2𝑆 として再構成して、
誤識別率(𝑓ℓ, 𝑓@ : レプトン→ハドロン)で重み付け

⽅針：背景事象を粒⼦識別無しで再構成して、誤識別率(𝒇)で重み付けする

𝑀9:分布の形と事象数を実データから⾒積もって、𝑀9:分布のFitに使⽤する

MC MC

𝐵 → 𝑋4ℓ$ℓ%
と誤認識される事象数

𝐵 → 𝐾𝜋ℓℓ
の事象数

𝐵 → 𝐾ℓ𝜋ℓ
と誤認識される事象数

MCで⾒積もった
Double misIDの
𝑴𝐛𝐜分布

MCで⾒積もった
Swapped misID の
𝑴𝐛𝐜 分布

佐藤瑶
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崩壊分岐⽐の測定
𝑀NO分布のフィットによる信号抽出

確率密度関数
ToyMC によるFitter の動作確認



信号抽出・崩壊分岐⽐の測定

⽅法 : 𝑀9: 分布をフィットして信号事象数, 𝑁JKLMNO, を測定し、
次の式から崩壊分岐⽐を計算

• 𝑁I PI, 𝐵 ]𝐵事象数：全ハドロン事象から、𝑞]𝑞事象を差し引く

• 𝜖, 再構成効率：MCで⾒積もり、データとの違いから補正

(1) B 𝐵 → 𝑋4𝑒$𝑒% とB 𝐵 → 𝑋4𝜇$𝜇% をパラメータとして、それぞれの𝑀9:分布をフィット

(2) B 𝐵 → 𝑋4ℓ$ℓ% をパラメータとして、𝑒と𝜇の𝑀9: 分布を同時にフィット
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確率密度関数(PDF)
𝑀12 分布の形状に合わせて確率密度関数を⽤意して
Likelihood 関数を定義

p 信号事象 : Gaussian
• Mean とSigma は𝐵 → 𝑋6 𝐽/𝜓 のデータを使って固定

p Self Cross-feed (信号の⼀部) : Histogram
• MC でHistogramを定義
• Gaussianと⽐例して事象数を動かす

p ピークを作らない背景事象 : Argus function
• Endpoint は𝐵 → 𝐷𝜋 のデータを使って固定

p ピークを作る背景事象 : Histogram
(Double misID, Swapped misID, 
Charmonium)
• 前述の⼿法でHistogram の形と事象数を定義
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Endpoint



Fitter の動作確認

ToyMC : PDFを使って疑似実験を⽣成し𝑀9:分布をフィットする

→ 正しく信号事象数が測定できるかを確認

Pull 分布

Meanが0、Sigmaが1であればFitter が正しく測定出来ている

• Mean が 0 からずれる = 測定のBiasを⽰唆

• Sigma が 1 より⼤きい = 誤差の過⼩評価を⽰唆

→ 統計誤差に⽐例する形で系統誤差の要因に含める
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ToyMC

ToyMC で⽣成した疑似実験の
𝑴𝐛𝐜分布とフィット結果

𝑩 → 𝑿𝒔𝒆!𝒆" についてのPull 分布

佐藤瑶
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系統誤差
系統誤差の種類

Signal modeling 由来の系統誤差



系統誤差の種類

崩壊分岐⽐測定に⽤いた式：

p 𝑁JKLMNO : 信号事象数
• Fitter によるバイアスや統計誤差の過⼩評価（Pull分布から評価）
• Fitter で固定したパラメータを動かす

p 𝑁I PI : 𝐵 ]𝐵 事象の数 = 37.7 ± 0.7 ×10Q

• Belle II 実験の測定結果の誤差分動かす

p 𝜖 : 再構成効率
• 測定器性能に由来する検出効率を補正。補正項の誤差分動かす
• 𝐵 → 𝑋4 𝐽/𝜓 を⽤いてFastBDTの効率を校正。補正項の誤差分動かす
• Signal modeling : 𝐵 → 𝑋4ℓ$ℓ% のMCサンプルを作る際の不定性 (次ページ)

佐藤瑶
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Signal modeling

𝐵 → 𝑋4ℓ$ℓ% のMC サンプルは、
𝐾ℓ$ℓ%, 𝐾∗ℓ$ℓ%, non-resonant 𝑋4ℓ$ℓ% をMixさせて⽣成

p 配分の誤差 (配分は標準模型の予⾔値で決定)
① 𝐾ℓ$ℓ%, 𝐾∗ℓ$ℓ% の崩壊分岐⽐の誤差分動かす

p non-resonant 𝑋4 について
②⽣成開始位置 : 𝑀1$ ∈ 1.0, 1.2 GeV で動かす
③ 𝑏-quarkの質量 : 𝑚R ∈ [4.65, 4.95] GeV で動かす
④ Fermi 運動量 : 𝑝S ∈ 0.422, 0.498 GeV で動かす
⑤ 𝑋4 の崩壊パターン (PYTHIAで決定) : 
Belle 実験の測定結果からMC の崩壊パターンを修正
測定結果の誤差分動かす
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• 𝑏 → 𝑠ℓ(ℓ)のMatrix elementを元に計算
• 𝐵中間⼦内での𝑏-quarkの運動をFermi 

motion modelで考えて𝑀5!を計算



𝑩 → 𝑿𝒔 𝑱/𝝍による解析⼿法の検証

𝐵 → 𝑋M 𝐽/𝜓 の崩壊分岐⽐測定
先⾏研究との⽐較



𝑩 → 𝑿𝒔 𝑱/𝝍 の崩壊分岐⽐測定

𝐵 → 𝑋4 𝐽/𝜓 を使って、解析⼿法の検証を⾏う

p 𝐵 → 𝐾$, 𝐾*, 𝐾∗* 𝐾$𝜋% , 𝐾$𝜋%𝜋$ 𝐽/𝜓 → 𝑒$𝑒%, 𝜇$𝜇%

の崩壊分岐⽐を測定し、先⾏研究と⽐較する
• チャーモニウム事象として除去した事象を使う

p 解析⼿法は𝐵 → 𝑋4ℓ$ℓ%とほぼ同様
• 相違点 : FastBDTを使⽤しないこと

→ FastBDTの効率はこのモードで校正されている

→ 先⾏研究との⽐較によって、解析⼿法を検証する

𝑀12 分布 (𝐵! → 𝐾! 𝐽/𝜓 𝑒!𝑒" )
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𝑀12 分布 (𝐵+ → 𝐾∗+(𝐾!𝜋") 𝐽/𝜓 𝑒!𝑒" )
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FastBDT無し

FastBDT無し



𝑩 → 𝑿𝒔 𝑱/𝝍 の崩壊分岐⽐の結果

p ほぼ全モード、世界平均と1𝜎以内で⼀致
• 𝐵$ → 𝐾$𝐽/𝜓 → 𝑒$𝑒% : 2.1𝜎 が最⼤

p 全モードについて、電⼦・ミューオンの
結果が1𝜎以内で⼀致

→ 解析⼿法は正しいことを確認

𝑩 → 𝑿𝒔ℓ!ℓ" の崩壊分岐⽐を測定する
準備が出来た

モード 電⼦ [10-4] ミューオン [10-4] 世界平均 [10-4]

𝐾&𝐽/𝜓 8.69 ± 0.33 ± 0.41 9.35 ± 0.34 ± 0.54 9.97 ± 0.30

𝐾'𝐽/𝜓 9.40 ± 0.68 ± 0.90 8.64 ± 0.66 ± 0.88 8.67 ± 0.30

𝐾∗'𝐽/𝜓 13.56 ± 0.85 ± 0.81 14.28 ± 0.84 ± 1.04 12.8 ± 0.5

𝐾&𝜋(𝜋&𝐽/𝜓 7.54 ± 1.11 ± 1.60 8.87 ± 1.04 ± 1.83 8.1 ± 1.3

佐藤瑶
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崩壊分岐⽐測定の結果
(1) 𝐵 → 𝑋M𝑒!𝑒" と𝐵 → 𝑋M𝜇!𝜇"の崩壊分岐⽐測定

(2) 𝐵 → 𝑋Mℓ!ℓ"の崩壊分岐⽐測定
崩壊分岐⽐の系統誤差



(1) B(𝑩 → 𝑿𝒔𝒆"𝒆#) とB 𝑩 → 𝑿𝒔𝝁"𝝁# の測定
𝑀9: 分布とフィット結果

：全PDFの和
：信号事象
：Self Cross-feed
：ピークを作らない背景事象
：Double misID
：Swapped misID
：Charmonium
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測定結果の中⼼値

佐藤瑶

38

博⼠論⽂発表会 2021年1⽉28⽇



(2) B(𝑩 → 𝑿𝒔ℓ"ℓ#) の測定

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3
]2 [GeV/cbcM

0

2

4

6

8

10

12

14

)2
Ev

en
ts

 / 
(2

.5
 M

eV
/c

Belle II Preliminary

-e+esX®   B-1 L dt = 34.6 fbò

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3
]2 [GeV/cbcM

0

2

4

6

8

10

12

14

)2
Ev

en
ts

 / 
(2

.5
 M

eV
/c

Belle II Preliminary

-µ+µsX®   B-1 L dt = 34.6 fbò

崩壊分岐⽐ [10-6]

𝐵 → 𝑋4ℓ$ℓ% 2.78%).Qe$).g! stat %*.Q)$*.QQ syst

Data Data

測定結果の中⼼値

佐藤瑶

39

博⼠論⽂発表会 2021年1⽉28⽇

𝑀9: 分布とフィット結果
：全PDFの和
：信号事象
：Self Cross-feed
：ピークを作らない背景事象
：Double misID
：Swapped misID
：Charmonium



崩壊分岐⽐についての系統誤差
𝑿𝒔𝒆&𝒆( 𝑿𝒔𝝁&𝝁( 𝑿𝒔ℓ&ℓ(

𝑁) *) ±0.08 ±0.01 ±0.04

再構成効率
の補正

Tracking ('.,-
&'.,. ±0.02 ('.,'

&'.,,

Electron ID ('.,'
&'.,/

('.',0
&'.''1

Muon ID ('.'/
&'.'0

('.,/
&'.'2

Kaon ID ±0.06 ±0.007 ±0.03

Pion ID ('.'3
&'.'0 ±0.004 ('.'0

&'.',

𝐾4' ('.'3
&'.'/

('.''1
&'.''5 ±0.02

𝜋' ('.','
&'.''2 ±0.001 ('.''5

&'.'',

FastBDT ('.,.
&'.0, ±0.02 ('.'.

&'.,'

Signal 
modeling

𝐾∗-𝑋6 transition ('.,/
&'.'0

('.'0
&'.',

('.'-
&'.'3

𝑚7 ±0.03 ±0.003 ±0.01

𝑝8 ('.'1
&'.'2

('.',,
&'.''5 ±0.04

𝑋6 fragmentation ('.,3
&'.,5 ±0.02 ('.'-

&'.'.

Fraction of 𝐾ℓ&ℓ( ('.3,
&'.5/

('.'2
&'.'.

('.05
&'./0

Fraction of 𝐾∗ℓ&ℓ( ('.,'
&'.,0

('.''3
&'.','

('.'/
&'.'3

𝑿𝒔𝒆&𝒆( 𝑿𝒔𝝁&𝝁( 𝑿𝒔ℓ&ℓ(

Fitter 由
来の系統
誤差

バイアス ('.3-
&'.53

('.0.
&'./5

('.3,
&'.31

統計誤差の過⼩評価 ('.0/
&'.01

('.'.
&'.,'

('.,-
&'.,.

Fitter の
固定パラ
メータ由
来の系統
誤差

Signalのmean ±0.08 ('.'/
&'.'0 ±0.05

Signalのwidth ±0.16 ('.''3
&'.''- ±0.06

Self cross-feedの割合 ('.32
&'.31 ±0.05 ('.,2

&'.,5

Double misIDの数 ±0.10 ('.,5
&'.,1 ±0.12

Swapped misIDの数 ±0.002 ±0.09 ('.'3
&'.'/

Charmoniumの数 ±0.04 ±0.10 ('.'.
&'.'2

崩壊分岐⽐についての系統誤差. 単位は[10-6].
⾚字：主要な系統誤差の要因(後で議論)

佐藤瑶

40

博⼠論⽂発表会 2021年1⽉28⽇



議論と今後の展望
先⾏研究・標準模型との⽐較

今後の測定に向けた展望
Belle II実験における最終⽬標



先⾏研究・標準模型の予⾔値との⽐較

p 有意度が2𝜎に満たなかった𝑋4𝜇$𝜇%と
𝑋4ℓ$ℓ% は上限値を計算

p 𝐵 → 𝑋4𝑒$𝑒%, 𝑋4𝜇$𝜇% については、
先⾏研究・標準模型と1𝜎 以内で⼀致

p 𝐵 → 𝑋4ℓ$ℓ% については、世界平均、
Belle実験と標準模型とは1𝜎 以内で⼀致
• Babar実験とは1.4𝜎だけ離れている

崩壊分岐⽐ [10-6]

𝐵 → 𝑋&𝑒!𝑒" 4.86"B.DB!B.EF stat "+.GB!H.+B syst

𝐵 → 𝑋&𝜇!𝜇" < 4.67 5.61 at 90%(95%) CL

𝐵 → 𝑋&ℓ!ℓ" < 5.54 6.30 at 90%(95%) CL
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]-6BR [10
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>0.2 GeV) eeSM prediction (M
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中⼼値

中⼼値
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今後の測定に向けた展望

p 統計誤差の削減について
• 2022年夏までに積分ルミノシティ 1.1 ab-1 を蓄積する計画

→ 統計的な精度を、今回の5.6倍、BaBar の1.6倍まで改善
• 𝑅1$ (崩壊分岐⽐の電⼦とミューオンの⽐)も測定可能 : 

p 系統誤差の削減について
• Pull分布で⾒積もったFitter 由来の系統誤差：

統計誤差に⽐例するため、統計誤差の削減に伴って減少
• 𝐾ℓ$ℓ%の割合の不定性：
Belle II 実験で精度良く測定し、測定結果に合わせて割合を正確に決定していく

• Self Cross-feed の割合 (±100%動かしている)：
主な理由は粒⼦識別の間違い。 Belle II 測定器の性能向上に伴って割合⾃体が減少

佐藤瑶
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CHAPTER 2. PHYSICS MOTIVATION 5

! "

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.

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 + C

2

10
)(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)2sC10Re

✓
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 [27].

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)2sC10Re

✓
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
q
2
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 [28]

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

0
µ

i
)
⌘

+
X

i=9,10

Re
⇣
C

SM

i
(CNPe

i
+ C

0
e

i
)
⌘
3

5 (2.23)



Belle II 実験の最終統計量での測定の展望

p 2031年までに積分ルミノシティ 50 ab%) を取得予定

p 𝑞!(= 𝑀ℓℓ
! )毎の崩壊分岐⽐ 𝑑Γ/𝑑𝑞!と、前後⾮対称度 𝐴SI

によるWilson係数へのSensitivity
• 𝐶( と𝐶)* だけがずれると仮定 : 

Δ𝐶 = 𝐶 − 𝐶5l, 𝐶5l : 標準模型の予⾔値
• 先⾏研究の測定結果はΔ𝐶(~ − 1 を⽰唆

• 主にLHCbが強い制限を与えている

→ 先⾏研究の中⼼値が正しければ、Belle II 実験における
𝑩 → 𝑿𝒔ℓ$ℓ% の解析によって、𝟓𝝈以上で標準模型を排除
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𝚫𝑪
𝟏𝟎
=
𝑪 𝟏

𝟎
−
𝑪 𝟏

𝟎𝑺𝑴

𝚫𝑪𝟗 = 𝑪𝟗 − 𝑪𝟗𝑺𝑴

𝟏𝝈

𝟐𝝈
𝟑𝝈

𝟏𝝈

𝟑𝝈
𝟓𝝈

先⾏研究
による制限

Belle II における
𝑩 → 𝑿𝒔ℓ$ℓ% の
Sensitivity



まとめ

p Belle II 実験の初期データ(𝟑𝟕. 𝟕×𝟏𝟎𝟔 𝑩w𝑩対)を⽤いて、Belle II 実験において
初めて𝑩 → 𝑿𝒔ℓ$ℓ% の崩壊分岐⽐を測定した
• 𝐵 → 𝑋4𝑒$𝑒%, 𝐵 → 𝑋4𝜇$𝜇% については先⾏研究と標準模型の予⾔値と⼀致
• 𝐵 → 𝑋4ℓ$ℓ% は世界平均、Belle実験、標準模型と⼀致。BaBar実験とは1.4𝜎のずれ

p 将来の⾼精度な測定に向けて、Belle II 実験における𝑩 → 𝑿𝒔ℓ$ℓ%の解析⼿法を確⽴した
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Vector型のLeptoquark 𝑈 : 𝐿no ⊂
p7
!𝑈

q 𝛽r#s 𝑞r#𝛾qℓrs + 𝛽t#s 𝑑t# 𝛾q𝑒ts

p レプトン普遍性の破れを引き起こす

p 𝐵 → 𝐷 ∗ 𝜏𝜈 におけるレプトン普遍性の破れも説明

p 直接探索では制限されていない部分も多い

also [32, 37]).
We provide a detailed implementation of the U1 leptoquark in a renormalizable model based on

the (flavor non-universal) gauge group SU(4)3 ⇥ SU(3)1+2 ⇥ SU(2)L ⇥ U(1)0, which in turn can be
embedded in PS3 [31]. In this context, we complement the simplified-model analysis by including one-
loop contributions to low-energy observables (most notably �F = 2 amplitudes and dipole operators)
which can be reliably computed only within a UV-complete framework.

The paper is organized as follows. In Section 2 we present the simplified-model analysis: we
introduce the Lagrangian describing the U1 couplings to SM fermions, and analyze its low-energy
limit. We discuss all the observables insensitive to the UV completion (Section 2.2), which are later
used to fit low-energy data (Section 2.3). We finally comment on the high-pT constraints (Section 2.4).
The UV-complete model is presented and discussed in Section 3: on the model-building side we pay
particular attention to the flavor structure of the model (Section 3.2); on the phenomenological side we
present complete expressions for the UV-dependent (loop-induced) observables, which were omitted
in the low-energy fit (Section 3.3). The results are summarized in Section 4.

2 The simplified U1 model and its phenomenology

2.1 E↵ective interactions of the U1 to SM fields

We consider the most general Lagrangian for the SU(2)L-singlet vector leptoquark, Uµ

1 ⇠ (3,1)2/3,
coupled to both left- and right-handed SM fields

LU =� 1

2
U †
1µ⌫ U

µ⌫

1 +M2
U U †

1µ U
µ

1 � igc(1� c)U
†
1µ T

a U1 ⌫ G
aµ⌫

� i
2

3
gY (1� Y )U

†
1µ U1 ⌫ B

µ⌫ + (Uµ

1 Jµ + h.c.) ,
(2.1)

where U1µ⌫ = DµU1 ⌫ � D⌫U1µ , with Dµ = @µ � igcGa
µT

a � i23gY Bµ. Here Ga
µ (a = 1, . . . , 8) and

Bµ denote the SM SU(3)c and U(1)Y gauge bosons, with gc and gY gauge couplings respectively,
and T a are the SU(3)c generators. In models in which the vector leptoquark has a gauge origin,
c = Y = 0, while this is not necessarily the case for models in which the U1 arises as a bound state
from a strongly-coupled sector. The fermion current reads1

Jµ =
gUp
2

⇥
�i↵

L (q̄ i

L�µ`
↵

L) + �i↵

R (d̄ i

R�µe
↵

R)
⇤
. (2.2)

Here the couplings �L and �R are complex 3⇥ 3 matrices in flavor space. Without loss of generality,
we adopt the down-quark and charged-lepton mass eigenstate basis for the SU(2)L multiplets, i.e.

qiL =

✓
V ⇤
ji
uj
L

di
L

◆
, `iL =

✓
⌫i
L

ei
L

◆
. (2.3)

In this flavor basis, we assume the following structure for the �L and �R couplings

�L =

0

BB@

0 0 �d⌧

L

0 �sµ

L
�s⌧

L

0 �bµ

L
1

1

CCA , �R =

0

B@

0 0 0

0 0 0

0 0 �b⌧

R

1

CA , (2.4)

where the normalization of gU is chosen such that �b⌧

L
= 1. The assumed structure contains the

minimal set of couplings directly connected to a combined explanation of the B-physics anomalies.

1We ignore possible couplings to right-handed neutrinos. Such particles, if present, are assumed to be heavy enough
such that they do not to play any role in low-energy observables. Vector leptoquark solutions of the B-physics anomalies
involving right-handed neutrinos, light enough to fake the SM ones, have been discussed in [55, 56].
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loop contributions to low-energy observables (most notably �F = 2 amplitudes and dipole operators)
which can be reliably computed only within a UV-complete framework.

The paper is organized as follows. In Section 2 we present the simplified-model analysis: we
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and T a are the SU(3)c generators. In models in which the vector leptoquark has a gauge origin,
c = Y = 0, while this is not necessarily the case for models in which the U1 arises as a bound state
from a strongly-coupled sector. The fermion current reads1

Jµ =
gUp
2

⇥
�i↵

L (q̄ i

L�µ`
↵

L) + �i↵

R (d̄ i

R�µe
↵

R)
⇤
. (2.2)

Here the couplings �L and �R are complex 3⇥ 3 matrices in flavor space. Without loss of generality,
we adopt the down-quark and charged-lepton mass eigenstate basis for the SU(2)L multiplets, i.e.

qiL =

✓
V ⇤
ji
uj
L

di
L

◆
, `iL =

✓
⌫i
L

ei
L

◆
. (2.3)

In this flavor basis, we assume the following structure for the �L and �R couplings

�L =

0

BB@

0 0 �d⌧

L

0 �sµ

L
�s⌧

L

0 �bµ

L
1

1

CCA , �R =

0

B@

0 0 0

0 0 0

0 0 �b⌧

R

1

CA , (2.4)

where the normalization of gU is chosen such that �b⌧

L
= 1. The assumed structure contains the

minimal set of couplings directly connected to a combined explanation of the B-physics anomalies.

1We ignore possible couplings to right-handed neutrinos. Such particles, if present, are assumed to be heavy enough
such that they do not to play any role in low-energy observables. Vector leptoquark solutions of the B-physics anomalies
involving right-handed neutrinos, light enough to fake the SM ones, have been discussed in [55, 56].

2

𝑏 𝑠

𝜇 𝜇

𝑈

𝑅N ∗ と𝑅O ∗ 等の測定結果を
同時に説明可能

𝑼の質量

間接探索がfavor
している線

𝜷𝑹𝒃𝝉 = −𝟏

𝜷𝑹𝒃𝝉 = −𝟏

𝒈𝑼

Wilson 係数(𝐶G, 𝐶H+), 
𝐵 → 𝐷 ∗ 𝜏𝜈

などの間接探索によ
る制限(1𝜎, 2𝜎)

https://doi.org/10.1007/JHEP07(2019)168
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CHAPTER 2. PHYSICS MOTIVATION 5

! "

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.

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)

�
, (2.13)

dAFB

dq2
=

Z
1

�1

dz
d
2�

dq2dz
sign(z) = �3�0m

3

b(1 � s)2sRe

✓
C10

✓
C9 +

2

s
C7

◆◆
. (2.14)

where s = q
2
/m

2

b , z = cos ✓` and

�0 =
G

2

F

48⇡3

↵
2
em

16⇡2
|VtbV

⇤
ts|2. (2.15)

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)] (2.16)

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

d�

dq2
= HT (q2) + HL(q2), (2.17)

dAFB

dq2
=

3

4
HA(q2). (2.18)

The functions Hi(q2) are

HT (q2) = �0m
3

b · 2s(1 � s)2

(|C9 +

2

s
C7|2 + |C10|2

�
, (2.19)

HL(q2) = �0m
3

b · (1 � s)2
⇥
(|C9 + 2C7|2 + |C10|2

⇤
, (2.20)

HA(q2) = �9

4
�0m

3

b(1 � s)2sRe

✓
C10

✓
C9 +

2

s
C7

◆◆
. (2.21)

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

. (2.22)

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, (2.23)

�± =
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 (2.24)
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各検出器による粒⼦識別：CDC

p 𝑑𝐸/𝑑𝑥 の測定

p 低運動量の粒⼦の種類を識別するのに有効
• TOPに到達するには𝑃u~0.5 GeV 程度

p 電⼦の識別効率が、𝑃~0.7 GeV 付近で下がるのは、
電⼦と𝐾中間⼦のバンドが交差しているため

p より低運動量の粒⼦識別のために、SVDによる
𝑑𝐸/𝑑𝑥 の測定も進⾏中
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各検出器による粒⼦識別：TOP

p クォーツ内で発⽣したチェレンコフ光を、全反射
させて、終端の光検出器(MCP-PMT)で検出

p 検出位置・時間が粒⼦の種類によって異なる
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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 –



各検出器による粒⼦識別：ARICH

p エアロジェルで発⽣したチェレンコフ光を、後段
の光検出器(HAPD)で検出

p チェレンコフ光によるリングイメージから、チェ
レンコフ⾓を測定。粒⼦の運動量と合わせて粒⼦
の種類を識別する
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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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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

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 K0
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⇤+ ! D0⇡+, D0 ! K�⇡+ (Charge-
conjugated mode is included), and we require one of the
decay product from D0 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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6.4 < 𝑝 < 7.0 GeV

1.0 < 𝑝 < 1.1 GeV

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.
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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

𝒏 = 𝟏. 𝟎𝟓



各検出器による粒⼦識別：ECL

p 𝐸vwr/𝑃 分布の形を使って識別
• 電⼦はほとんどのエネルギーを失うので、

1 にピークを持つ

p 特に⾼い運動量での選別が得意
• 低運動量側はCDCが使える
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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



各検出器による粒⼦識別：KLM

p 鉄のプレートと検出器のサンドイッチ構造

p 透過⼒の⾼いミューオンを識別

p Interaction length : 3.9 (𝑒%f.(~0.020) 
→ 𝜋中間⼦の誤識別は ~2% 程度⽣じうる
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Figure 1: KLM side view.

Range of ✓ (degrees) Range of ✓ (radians) BKLM or EKLM?

47� < ✓ < 122� 0.820 < ✓ < 2.129 BKLM only
37� < ✓ < 47� or 122� < ✓ < 130� 0.646 < ✓ < 0.820 or 2.129 < ✓ < 2.269 BKLM + EKLM
18� < ✓ < 37� or 130� < ✓ < 155� 0.314 < ✓ < 0.646 or 2.269 < ✓ < 2.705 EKLM only

37� < ✓ < 130� 0.646 < ✓ < 2.269 BKLM
18� < ✓ < 47� or 122� < ✓ < 155� 0.314 < ✓ < 0.820 or 2.129 < ✓ < 2.705 EKLM

Table 1: BKLM or EKLM? ✓ discrimination.

Range of z (cm) BKLM or EKLM?

�180 < z < 275 BKLM only
z < �180 or z > 275 EKLM only

Table 2: BKLM or EKLM? z discrimination.



FastBDTのカテゴリ分け

佐藤瑶

!!!", low-"#!

##$ %%$

!!!", high-"#!

##$ %%$

&!&", low-"#!

##$ %%$

&!&", high-"#!

##$ %%$

p 効率良く選別するため、特徴の違いに合わせてTraining
• [𝑒$𝑒% or 𝜇$𝜇%] x [𝑀1$ < 1.1 GeV or 𝑀1$ > 1.1 GeV] の4つに分ける
• 𝐵 ]𝐵 事象と𝑞]𝑞 事象、それぞれを削減するためのFastBDTをTraining

p 候補が複数ある場合は𝐵 ]𝐵 の出⼒結果が良い⽅を選択

55
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FastBDT の出⼒

𝑩9𝑩 事象⽤のFastBDT 出⼒ 𝒒9𝒒 事象⽤のFastBDT 出⼒

𝑒$𝑒%,
𝑀14 < 1.1 GeV

𝑒$𝑒%,
𝑀14 > 1.1 GeV
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FastBDT の出⼒

𝑩9𝑩 事象⽤のFastBDT 出⼒ 𝒒9𝒒 事象⽤のFastBDT 出⼒

𝜇$𝜇%,
𝑀14 < 1.1 GeV

𝜇$𝜇%,
𝑀14 > 1.1 GeV
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Cut flow table (積分ルミノシティ 34.6 fb-1)
𝐵 → 𝑋&𝑒!𝑒" 𝐵 → 𝑋&𝜇!𝜇"

信号事象 𝐵 7𝐵 事象 𝑞7𝑞 事象 信号事象 𝐵 7𝐵 事象 𝑞7𝑞 事象

Generated 318.7 (100.0%) 3.63 x 107 1.29 x 108 316.1 (100.0%) 3.63 x 107 1.29 x 108

Reconstructed 40.00 (12.55%) 9.89 x 104 3.84 x 104 32.31 (10.22%) 1.13 x 105 4.68 x 104

Pre-selection 29.22 (9.167%) 3.16 x 104 7.68 x 103 28.41 (8.987%) 2.45 x 104 9.14 x 103

Charmonium veto 19.54 (6.131%) 8.67 x 103 5.46 x 103 21.19 (6.703%) 8.02 x 103 7.39 x 103

D veto 18.16 (5.697%) 6.45 x 103 4.58 x 103 19.75 (6.249%) 5.94 x 103 6.17 x 103

FastBDT 7.836 (2.458%) 23.5 11.1 9.821 (3.107%) 38.1 37.4

Best Candidate 
selection 7.705 (2.418%) 21.5 10.0 9.731 (3.078%) 36.0 35.6
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MC によって⾒積もった期待される信号事象数 : 7.7 (𝑿𝒔𝒆$𝒆%), 9.7 (𝑿𝒔𝝁$𝝁%)



𝑩-𝑩事象数の測定

𝑁I PI =
𝑁xNy
zM%{|J − 𝑅O}~K ⋅ 𝑁xNy

z��%{|J ⋅ 𝑘
𝜖I PI

• 𝑁TUVWX"YZ[ : Υ 4𝑆 resonance上での運転におけるハド
ロン事象数

• 𝑁TUVW\\"YZ[ : Υ 4𝑆 resonanceより⼩さいエネルギーの
運転におけるハドロン事象数

• 𝜖]]̂ : 選別効率

• 𝑅_`ab : それぞれの積分ルミノシティの⽐

• 𝑘 : エネルギーの違いによる補正

à 𝐵 ]𝐵事象は Υ 4𝑆 で急に断⾯積が⼤きくなるが、
𝑞]𝑞 事象の断⾯積はあまり変化がないことを利
⽤
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FIG. 2: Ratio of the second and zeroth Fox-Wolfram moment (R2) distribution for ⌥ (4S) and
o↵-resonance data collected in 2020. Event with at least three tracks with transverse momentum
greater than 100 MeV/c and at least three clusters with energy greater than 100 MeV are selected.
In order to reduce contamination from non-BB events additional requirements on tracks, clusters,
and event variables are applied. The overall selection e�ciency on the BB simulated sample is
94.2%. The continuum contribution is estimated using 2.4 fb�1 o↵-resonance data rescaled to the
luminosity of the on-peak sample, which corresponds to 25.8 fb�1.

4

Fox-Wolfram moment の0次と2次の⽐ : 𝑹𝟐



ARGUS function

𝑓�t��5 = 𝑁 ⋅ 𝑀9: ⋅ 𝑡 ⋅ exp −𝑎𝑡 ,

𝑡 = 1 −
𝑀9:

Endpoint

!
.

p 𝑞]𝑞事象やピークを作らない𝐵 ]𝐵事象の
分布のモデリングに使⽤

p Endpoint はビームエネルギーに対応

p 本研究のFit結果は 𝑎~25 (         )
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Non-resonant 𝑿𝒔 の分布の形

𝒃-quark の質量を動かした際の𝑴𝑿𝒔分布

• 150 MeV と広めに動かしても、分布の形
がほとんど変化しない
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Fermi 運動量を動かした際の𝑴𝑿𝒔分布

• 分布の変化幅が⽐較的⼤きい

• 元々のMCサンプルの値を、最近の結果を
元に更新した



信号事象の有意度の計算

−2 log(𝐿*/𝐿���) : 𝐿���, 𝐿* は通常フィットと信号事象数を0に固定した時のLikelihoodの値

系統誤差をWidthとするGaussianでLikelihoodをたたみ込んで、Total Significanceを計算

2.0𝜎に満たない𝐵 → 𝑋4𝜇$𝜇% と𝐵 → 𝑋4ℓ$ℓ% は崩壊分岐⽐の上限を付けた

• 物理的に意味のある範囲(＝崩壊分岐⽐が0以上)のLikelihoodについて、
全体の90%(95%) になる位置をConfidence Level 90%(95%) の上限として計算
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− 𝐥𝐨𝐠(𝑳/𝑳𝒎𝒂𝒙) 分布
(統計誤差のみ)

𝑩 → 𝑿𝒔𝒆!𝒆" 𝑩 → 𝑿𝒔𝝁!𝝁" 𝑩 → 𝑿𝒔ℓ!ℓ"

2.0𝜎 0.40𝜎 1.7𝜎

佐藤瑶

62

博⼠論⽂発表会 2021年1⽉28⽇



⼆光⼦過程によるレプトン識別評価

レプトン識別性能の評価
Ø レプトン識別効率、実データとMCとの⽐を測定・評価

• レプトン普遍性の研究のためには誤差をO(0.1)%に抑えたい

Ø 識別効率を測定するためには、予め粒⼦の種類を特定しておく必要がある

⼆光⼦過程 𝑒$𝑒% → 𝑒$𝑒%ℓ$ℓ%：レプトン識別性能評価に最適

Ø 断⾯積が⼤きくイベント数が多い、特に低運動量(𝑝 < 3.0 GeV)
• 統計誤差を抑えることが可能
• B中間⼦(𝑚] = 5.28 GeV)の崩壊粒⼦と同程度の運動量

Ø 終状態のうち、検出器領域にはℓ$ℓ%のみ
• レプトンの種類が同じ。Tag and Probe ⽅(次⾴)が使⽤できる
• ℓ!ℓ"の横運動量 𝑝f がバランスしており、事象選別が容易
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研究⼿法

Tag and Probe ⽅
Ø ⼀⽅のレプトンを識別する(Tag)ことで、
他⽅のレプトンをProbe として⽤いる

𝜀 =
𝑁�{z9|
JKLMNO

𝑁�NL
JKLMNO

Ø 背景事象はMCを使って差し引く
• MCで背景事象を⾒積もり、データ

とMCの⽐をかける
• MC シミュレーションの誤差、補正

項の誤差は系統誤差

Tag して

Probeとして⽤いる
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識別効率の定義 :

0.5 1 1.5 2 2.5 3
 [GeV/c]
l

p
0

50

100

150

200

250

300

350

400

310´

C
an

di
da

te
s 

/ (
20

 M
eV

/c
) Belle II Preliminary

eell selection®ee
-1 L dt = 34.6 fbò

Data

MC backgrounds (x10)

0.5 1 1.5 2 2.5 3
 [GeV/c]
l

p
0

10

20

30

40

50

60

70

80
310´

C
an

di
da

te
s 

/ (
20

 M
eV

/c
) Belle II Preliminary

eell selection®ee
-1 L dt = 34.6 fbò

Data
MC backgrounds (x10)

Tag 後のレプトンの運動量分布。黒点は実データ、赤線
がMCの背景事象(可視化のため事象数を10倍)
(左)電子のTag 条件後、(右)ミューオンのTag 条件後

電子 ミューオン
(= Tag されたイベント数)

(= Probe に条件を課した後
に残るイベント数)



電⼦識別効率 : 𝑷𝑰𝑫𝒆>0.9

博⼠論⽂発表会 2021年1⽉28⽇ 佐藤瑶

65

極⾓ 𝜃 と運動量 𝑝 の関数として測定

Ø 検出器の中⼼部の効率が⾼い(𝜀~95%)
• ECLのクラスター形状を⽤いた⼿法を開発中

Ø 0.5 < 𝑝 < 1.0 GeVの効率が低い
• CDCの𝑒と𝐾の 𝑑𝐸/𝑑𝑥 のバンドが交差

Ø 誤差はO(0.1)%、
系統誤差が⽀配的
• 背景事象のMC不定性
• 補正に⽤いる識別効率の⽐の誤差
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ミューオン識別効率 : 𝑷𝑰𝑫𝝁>0.9

極⾓ 𝜃 と運動量 𝑝 の関数として測定

Ø 𝑝u < 0.7 GeVは効率が低い
• KLMまで届かない、𝜋との識別が困難

Ø 検出器の中⼼部、⾼運動量は 𝜀~90%
• ECL のクラスター形状を⽤いた⼿法を開発中
• KLMのミューオン識別アルゴリズムを改善

Ø 誤差はO(0.1)%、系統誤差が⽀配的
• 背景事象のMCシミュレーション
• 補正に⽤いる識別効率の⽐の誤差
• 低運動量は統計誤差O(1)%
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実データとMCの電⼦識別効率⽐ : 𝑷𝑰𝑫𝒆>0.9

極⾓ 𝜃 と運動量 𝑝 の関数として測定
Ø 数%のレベルでデータとMCが⼀致

• CDC における𝑑𝐸/𝑑𝑥 の校正が進⾏中

Ø 誤差はO(0.1)%、系統誤差が⽀配的
• 背景事象のMCシミュレーション
• 補正に⽤いる識別効率の⽐の誤差
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実データとMCのミューオン識別効率⽐ : 𝑷𝑰𝑫𝝁>0.9

極⾓ 𝜃 と運動量 𝑝 の関数として測定
Ø ⾼運動量では10%以内で⼀致

Ø 低運動量ではO(10)%のずれがある
• KLM のアルゴリズムの改善、データで

思った通りの効率が出ていない可能性
• CDC における𝑑𝐸/𝑑𝑥 の校正が進⾏中

Ø 誤差はO(0.1)%、系統誤差が⽀配的
• 背景事象のMCシミュレーション
• 補正に⽤いる識別効率の⽐の誤差
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