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スーパーBファクトリーで
探る新しい素粒子像
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素粒子の標準模型(Standard Model, SM)
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問題点、疑問点
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電弱対称性の破れ
ヒッグス機構

φ

V

未発見
CERN LHCで探索中

http://map.gsfc.nasa.gov/

ダークマター、ダークエネルギー

SMにDMの候補なし

http://map.gsfc.nasa.gov
http://map.gsfc.nasa.gov
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宇宙のバリオン数
バリオン数＝０ ⇒ バリオン数≠０

１）　宇宙が非平衡状態にあるときに、
２）　バリオン数を保存せず、かつ、
３）　CP非対称な素粒子反応が起こること

物質優位な宇宙を作るためのサハロフの３条件：

!"
K中間子 反K中間子

B中間子 反B中間子

!"

#種類の中間子
で$%非対称性

小林・益川理論
　（&'()年）

例外を除き
よく説明

物質優位性の
理解には不十分

!"!#などにより実験的
によく検証された理論

A. サハロフ 

未知の物理法則
　　（#*++年）

影響を与えて
　　いるはず

#中間子の$%非対称性
は!"!#で証明

,-.-/01-%"

サハロフの３条件
1. バリオン数非保存
2. CおよびCPの破れ
3. 非平衡

標準模型では
1. スファレロン過程
2. 小林•益川機構
3. 電弱相転移

CPの破れが小さい
平衡からのずれが小さい

標準模型を越える新しい物理
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B summer workshop, 
栂池, September 1993
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フレーバーの問題
３世代？ 質量パターン？フレーバー混合？
クォーク、レプトンの質量の階層性

物理談話会, 2002/1/11

クォーク、レプトンの質量の階層性
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1957: L. D. Landau

KS → ππ, KL → πππ
中性K中間子崩壊におけるCP保存

1961: S. L. Glashow (ノーベル賞1979)

歴史(の一部)
1956: T.D. Lee, C.N. Yang (ノーベル賞1957)

パリティ(P)の破れの理論
1957: C.S. Wu et al.

パリティの破れの発見

1964: J. W. Cronin, V. L. Fitch, ... (ノーベル賞1980)
中性K中間子崩壊におけるCPの破れ
KL → π+π−
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1967: S. Weinberg
1968: A. Salam

(ノーベル賞1979)
(ノーベル賞1979)

1970: S.L.Glashow, J. Iliopoulos, L. Maiani
FCNCに基づくチャームクォークの予言

1971: G. ’t Hooft (ノーベル賞1999)
ゲージ理論の繰り込み

1973: M. Kobayashi, T. Maskawa (ノーベル賞2008)
6クォーク模型

1974: S.Ting, B. Richter (ノーベル賞1976)
J/Ψの発見

1967: A. Sakharov
バリオン数生成の３条件
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1994: CDF, D0
トップの発見

2002: Belle, BaBar（Bファクトリー実験）
B中間子崩壊におけるCPの破れの確立

1975: M. L. Perl (ノーベル賞1995)
タウの発見

1977: L. Lederman
ボトムの発見

1987: ARGUS
B0–B̄0混合の発見

1989: CLEO
b→ u遷移の発見
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(スーパー)Bファクトリー
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物理談話会, 2002/1/11

中間子とは？
クォーク (反 クォーク)を 1つ含んでいる中間子

, ,
, ,

質量： 、寿命：

中間子の崩壊などで クォーク混合や CPの破れについて
調べることができる。

ファクトリー
KEKB (KEK,つくば)、PEP-II (SLAC, Stanford)

年間 個の 中間子を生成

January 9, 2002 Minoru TANAKA 4

B中間子

Bファクトリー
電子•陽電子衝突型加速器
KEKB/Belle (KEK, つくば)

PEP-II/BaBar (SLAC, Stanford)
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電子: 

もっと
知りたい! KEKB加速器KEKB加速器

衝突型加速器（コライダー）とは
　静止している標的（質量M）に加速した粒子（エネルギー
E）を衝突させる固定標的実験では、重心系エネルギーは、

と表され、実質的な衝突エネルギーはあまり大きくなりま
せん。それならば、加速した粒子同士（エネルギー E）を正
面衝突させると、どうでしょうか？重心系エネルギーは、

となり、加速された粒子の全てのエネルギーが衝突のエ
ネルギーに使われるため、高い衝突エネルギ ーを得る
ことができます。これが衝突型加速器なのです。固定標
的実験では、標的の中には膨大な数の粒子が存在するの
で、粒子同士が衝突する確率は圧倒的に高くなります。
しかし、衝突型加速器では、加速できる粒子の数は固定
標的よりも少ないため、正面衝突させる粒子は、自然界
の法則に従って物理反応を起しますが、その確率は小さ
く、ほとんどが素通りしていきます。これが、衝突型加
速器の弱点と言えます。 
　物理事象数（N）は、反応断面積（s）と衝突頻度（ルミノ
シティー、L）の積で表すことができます。

反応断面積は自然界で決まっているので、物理事象数を
増やすために我々にできることは、衝突頻度（ルミノシ
ティー）を増やすしか手がありません。。そのためには、
粒子を円型加速器の中で何度も周回させ、衝突する粒子
の広がりをなるべく小さくして衝突させます。また、加
速する粒子の数をできるだけ増やす努力もされます。

いろいろな衝突型加速器
　世界には、いろいろな衝突型加速器があります。世界最
初の衝突型加速器は、イタリアのINFN研究所に1962年に
作られたADAと呼ばれる加速器です（右上）周長4mの非常
に小さな加速器でした。スイスとフランスの両国にまたが
るCERN研究所に建設され、稼働し始めるているLHC加
速器（右中）は、周長27kmもある巨大円型加速器です。米国、
スタンフォード線形加速器センターで活躍したリニアコラ
イダー（右下）は、約3kmの直線型加速
器です。衝突頻度は低いのですが、加
速粒子の放射光放出によるエネルギー
損失が少ないので、高い衝突エネルギ
ーを得やすくなります。

KEKB加速器
　目標とする物理反応を得る（B中間
子を作る）ための重心系エ
ネルギーは約10ギガ電子ボ
ルト。衝突頻度（ルミノシ
ティー）の高さを追求した
加速器です。この冊子では、
KEKB加速器について詳し
くご紹介します。

E− = 8GeV 陽電子: E+ = 3.5 GeV

Υ(4S)

� 10.58 GeV �M(Υ(4S))

重心系エネルギー（特殊相対論，自然単位)

√
s =

�
(E− + E+)2 − (E− − E+)2 = 2

�
E−E+

c = � = 1

Υ(4S)の速度 β = (E− − E+)/(E− + E+) � 0.39
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KEKB/Belleの実績 (1999/6/2ー2010/6/30)

生成されたB中間子の数
積分ルミノシティー X 散乱断面積
∼ O(109) 10億個

ピークルミノシティー
1× 1034cm−2s−1(設計値                        )2.1× 1034cm−2s−1

SuperKEKB/Belle II (2015ー)
積分ルミノシティー

2021までに 50 ab−1

積分ルミノシティー
1.04 ab−1 1 b = 10−28m2
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クォーク混合とCPの破れ
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荷電カレント相互作用

16

物理談話会, 2002/1/11

2.クォーク混合と CPの破れ
荷電カレント相互作用
粒子を媒介とする弱い相互作用で、 崩壊を起こす。

左巻きのクォーク・レプトンのみ。 パリティー (P)の破れ

:フレーバー (あるいはゲージ)の固有状態
同じ世代間での遷移のみ

フレーバーの固有状態 質量の固有状態 ( )

January 9, 2002 Minoru TANAKA 5
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物理談話会, 2002/1/11

フレーバーの固有状態と質量の固有状態の関係
ユニタリー変換で結びつく。

: ユニタリー行列 小林・益川 (KM)行列
クォークの混合を表す

January 9, 2002 Minoru TANAKA 6
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物理談話会, 2002/1/11

質量固有状態で見た荷電カレント相互作用

異なる世代間の遷移がある

January 9, 2002 Minoru TANAKA 7
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CPの破れ
P: パリティー変換(空間反転)
C: 荷電共役変換(粒子↔反粒子)

eL eR
P

(ē)R
P

C

(ē)L

C

CP

CP
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ニュートリノの場合

P

P

CC

CP

CP

νL νR

(ν̄)L (ν̄)R

CとPは破れているが、CPはOK.
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物理談話会, 2002/1/11

荷電カレント相互作用を CP変換してみると

となるだけ。
、すなわち が実数なら CPは保存する。

January 9, 2002 Minoru TANAKA 9



Minoru TANAKA

CKM行列のユニタリティー

22

複素平面上の三角形
ユニタリティートライアングル

三角形の形や面積は, クォークの位相に依らない.

位相の再定義は, 三角形全体の回転に対応.
3�

k=1

eiθkV ∗
kie

−iθie−iθkVkje
iθj = ei(θj−θi)

3�

k=1

V ∗
kiVkj = 0

i �= j のとき,
3�

k=1

V ∗
kiVkj = 0
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三角形がつぶれない

Vij実数でない が存在
(クォークの位相に依らず)

CPの破れ

三角形の面積 ∼ CPの破れの大きさ
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N世代理論
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N=2はダメ.

N角形がつぶれない CPの破れ

N≥3ならOK.

クォークは６種類以上.

小林•益川の発見. ノーベル賞(2008)

(N − 1)(N − 2)/2物理的複素位相の数
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B中間子とUT
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V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

ρ̄ = ρ(1− λ2/2 + · · · )
η̄ = η(1− λ2/2 + · · · )

ρ̄

η̄

0 1
V ∗

cbVcd

V ∗

tbVtdV ∗

ubVud

φ3 φ1

φ2

1
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1

∆mdB → Xulν
B → (ρ,π)lν

B → D∗lν
B → Xclν

B → ππ

B → DK

B → J/ψKS
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B中間子混合の量子力学
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             混合

28

topの寄与が支配的
M12(Bd) ∝ (VtbV

∗
td)

2

M12(Bs) ∝ (VtbV
∗
ts)

2

B0–B̄0

box diagram
i = u, c, t

W W

j = ū, c̄, t̄
q̄

b

b̄

q
Vib

V ∗
iq

VjbV ∗
jq

B̄0
q B0

q

q = d or s
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物理談話会, 2002/1/11

4. – 混合の量子力学
遷移 – 混合

波動関数:

運動方程式 (Schrödinger方程式):

, : エルミート行列
注) はエルミートでない. 中間子崩壊

January 9, 2002 Minoru TANAKA 18
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物理談話会, 2002/1/11

物理的な状態 (ハミルトニアンの固有状態)

の固有ベクトル:
H: heavy, L: light

固有値: 質量と幅 ( 寿命の逆数)

January 9, 2002 Minoru TANAKA 22
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物理談話会, 2002/1/11

状態の時間発展

Schrödinger方程式の解

at
at

標準模型:ボックスダイアグラム ( )

January 9, 2002 Minoru TANAKA 24
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質量差 ∆mq � 2|M12(Bq)| (q = d, s)

物理談話会, 2002/1/11

– 混合の測定
レプトンタグ : ,

時間の関数としての崩壊確率

January 9, 2002 Minoru TANAKA 25

物理談話会, 2002/1/11
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Flavor specific decay

#m/!=2

January 9, 2002 Minoru TANAKA 26

Γt
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∆ms = 17.77± 0.10± 0.07 ps−1
実験値: ∆md = 0.507± 0.004 ps−1

Mixing probability

probability to observe an initial M0 as M0 or M0 after time t

Pnon−mix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt) + cos(xΓt)]

Pmix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt)− cos(xΓt)]

time integrated mixing rate

RM =
� ∞
0 Pmix(t)dt� ∞

0 Pnon−mix(t)dt
= x2+y2

2+x2−y2

M0 x y RM

K 0 0.946 0.997 0.994

B0
d 0.776 < 0.01 0.23

B0
s 26.1 0.15 0.997

D0 0.01 0.01 10−4

1 out of 104 D0 mesons oscillates before it decays
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A. Zupanc (KIT) Charm mixing and CPV FPCP 2011, 25/05/2011 22 / 49

Mixing probability

probability to observe an initial M0 as M0 or M0 after time t

Pnon−mix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt) + cos(xΓt)]

Pmix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt)− cos(xΓt)]

time integrated mixing rate

RM =
� ∞
0 Pmix(t)dt� ∞

0 Pnon−mix(t)dt
= x2+y2

2+x2−y2

M0 x y RM

K 0 0.946 0.997 0.994

B0
d 0.776 < 0.01 0.23

B0
s 26.1 0.15 0.997

D0 0.01 0.01 10−4

1 out of 104 D0 mesons oscillates before it decays

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

K 0 − K 0

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

B0
d − B0

d

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

B0
s − B0

s

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

D0 − D0

effect not observable
in linear scale

Large sample of D0 mesons needed to observe D0 − D0 mixing

A. Zupanc (KIT) Charm mixing and CPV FPCP 2011, 25/05/2011 22 / 49

Mixing probability

probability to observe an initial M0 as M0 or M0 after time t

Pnon−mix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt) + cos(xΓt)]

Pmix(t) = |�M0(t)|M0�|2 = 1
2e

−Γt [cosh(yΓt)− cos(xΓt)]

time integrated mixing rate

RM =
� ∞
0 Pmix(t)dt� ∞

0 Pnon−mix(t)dt
= x2+y2

2+x2−y2

M0 x y RM

K 0 0.946 0.997 0.994

B0
d 0.776 < 0.01 0.23

B0
s 26.1 0.15 0.997

D0 0.01 0.01 10−4

1 out of 104 D0 mesons oscillates before it decays

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

K 0 − K 0

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

B0
d − B0

d

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

B0
s − B0

s

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

Γt

ar
b
it
ra
ry

u
n
it
s

D0 − D0

effect not observable
in linear scale

Large sample of D0 mesons needed to observe D0 − D0 mixing

A. Zupanc (KIT) Charm mixing and CPV FPCP 2011, 25/05/2011 22 / 49

Zupanc, FPCP2011
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CP非対称性

34

Γ(B0(t)→ f) ∝ 1 + |λf |2 + (1− |λf |2) cos∆m t

+ 2 Imλf sin∆m t

Γ(B̄0(t)→ f) ∝ 1 + |λf |2 − (1− |λf |2) cos∆m t

− 2 Imλf sin∆m t

λf =
q

p

�f |B̄0�
�f |B0� � M∗

12

|M12|
�f |B̄0�
�f |B0�

Af =
Γ(B̄0(t)→ f)− Γ(B0(t)→ f)
Γ(B̄0(t)→ f) + Γ(B0(t)→ f)

= Sf sin∆m t− Cf cos∆m t
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Cf =
1− |λf |2

1 + |λf |2

Mixing-induced CPV Sf = − 2 Imλf

1 + |λf |2

B0

B̄0

f

Direct CPV

B f
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物理談話会, 2002/1/11

一方をタグ

, で積分

January 9, 2002 Minoru TANAKA 32

物理談話会, 2002/1/11

Bファクトリー:
崩壊振幅: at , at

January 9, 2002 Minoru TANAKA 31

t = t1で t = t2B1 → f1 でB2 → f2,
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物理談話会, 2002/1/11

対称コライダー :崩壊時刻を測定できない。
で積分することになる。

CP非対称性が消える

非対称コライダー : が走っている。
崩壊位置 (バーテックス) =崩壊時刻
時間依存性から CP非対称性を見ることができる。
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(CP odd)f = J/ψ KS

SJ/ψKS
= sin 2φ1 CJ/ψKS

= 0

λJ/ψKS
=

M∗
12

|M12| =
V ∗

tbVtd

VtbV ∗
td

= e−2iφ1

実験値
sin 2φ1 = 0.676± 0.020

are shown in Figure 4.1. B mesons produced at the Υ(4S) peak are identified using the energy
difference ∆E = E∗

B −E∗
beam and the beam-energy constrained mass Mbc =

√
(E∗

beam)2 − (p∗B)2,
where E∗

beam is the beam energy, and E∗
B and p∗B are the energy and the momentum of the

reconstructed B meson, all measured in the e+e− center-of-mass frame. The signal yields (puri-
ties) are 7484± 87 (97%) and 6521± 123 (59%) for J/ψK0

S and J/ψK0
L, respectively. It is clear

that the CP -eigenstate event samples used for the CP -violation measurements in b → ccs are
large and clean.

Figure 4.2 shows the ∆t distributions, where a clear shift between B0 and B
0 tags is visible,

and the raw asymmetry plots (see Eq.(2.48)) for a sample with good tag quality. The final
results are extracted from an unbinned maximum-likelihood fit to the ∆t distributions which
takes into account resolution, mistagging and background dilution. The result is sin 2φ1 =
0.642± 0.031± 0.017. The CP asymmetries for J/ψK0

S and J/ψK0
L samples are +0.643± 0.038

and −0.641 ± 0.057 (statistical error only), respectively, and have opposite sign with the same
magnitudes as expected. Combining a measurement of sin 2φ1 with the ψ(2S)K0

S mode using
657 million BB pairs [2], we obtain

sin 2φ1 = 0.650 ± 0.029 ± 0.018. (4.1)

(d) B0 → J/ψK0
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Figure 4.2: Background subtracted ∆t distributions and asymmetries for events with good tags
for B0 → J/ψK0. The smooth curves are projections of the unbinned likelihood fit.

This result may be compared to the BaBar result with 465 million BB pairs of sin 2φ1 =
0.687 ± 0.028 ± 0.012 [3]. Both experiments are in good agreement; the average of these results
is [4]

sin 2φ1 = 0.672 ± 0.023. (4.2)

The average can be interpreted as a constraint on the CKM angle φ1 and confronted with the
indirect determinations of the unitarity triangle [5] (see Sec. 4.5). Both values are consistent
with the hypothesis that the Kobayashi-Maskawa phase is the source of CP violation. The
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(a)

(b)

Figure 6.7: Constraints on the CKM unitarity triangle at (a) Belle (∼0.5 ab−1) and (b) Su-
perKEKB (50 ab−1).

combined and symmetrized.
Table 6.2 summarizes the theoretical parameters used in the fit. The parameters are mainly

given by the lattice QCD calculations. The current largest uncertainty is in the calculations
of fB and BB for the |Vtb|/|Vts| derivation from the measured ∆md and ∆ms. To reduce
the uncertainty, the calculations for Bs mesons are adopted and they are related to be Bd

parameters through a SU(3) correction factor ξ which is better known. We adopted S.Sharpe’s
predictions [17] for the uncertainties in these parameters for the fit.

The constraint on (ρ̄, η̄) using all these measurements for the SM case is shown in Figure 6.7.
The plots are shown for (a) current Belle (∼500 fb−1) and (b) 50 ab−1. Drastic improvements are
expected with the statistical power of the SuperKEKB. Table 6.3 shows the errors in determined
(ρ̄, η̄) for the cases of the current Belle (∼0.5 ab−1) and the SuperKEKB(50 ab−1). An O(1%)
determination of (ρ̄, η̄) apex becomes possible at SuperKEKB.

The effect of New Physics(NP) is expected to appear in the measurements where the loop
diagrams contribute. In the SuperKEKB measurements, possible NP effects are expected to
contribute, for example, to the Bd box diagram and influence the measurements of sin 2φ1 (b → c)
and ∆md. On the other hand, the measurements of φ3 by B → D(∗)K(∗) and |Vub| by B → Xulν
are governed by pure tree-level diagrams only and do not include the NP effect. The comparison
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                   の前後非対称性

B → K∗µ+µ−

• also available: results from LHCb

⇒ See “B physics results from LHC” by G. Raven!

Y. Kwon (Yonsei Univ.) Rare B and D decays (LP 2011 @ Mumbai, India) Aug. 27, 2011 20

2011
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Figure 5.15: Forward-backward asymmetry in B → K∗!+!− at 5 ab−1.

5.3.8 B → Kµ+µ− versus B → Ke+e−

Branching fractions for the exclusive decays B → K(∗)!+!− have already been measured to be
consistent with SM predictions: the measurement error (∼ 13% [79]) is already smaller than the
uncertainty of the theoretical prediction; the latter suffers from large model dependent and irre-
ducible uncertainties in the form-factors of at least ±30% or even more if one takes into account
the variations in the available predictions. However, one can still utilize the measurements in
such a way that the theory uncertainties cancel.

In new physics models with a Higgs sector differing from that of the SM, scalar and pseudo-
scalar types of interactions may arise in b → s!+!−. Depending on the lepton flavor ! = e and
! = µ, the new physics effects can differ. By measuring RK(∗) = B(B → K(∗)µ+µ−)/B(B →
K(∗)e+e−), such new physics effects can be searched for. A particular example can be found in
a minimal supergravity model [57,80].

In the SM, the branching fractions for B → Ke+e− and B → Kµ+µ− are predicted to
be equal except for a tiny phase space difference due to the lepton masses, RK = 0.95. In
B → K∗!+!− decays, the branching fraction for B → K∗e+e− is larger than B → K∗µ+µ− for
small dilepton masses, RK∗ = 0.75, due to a larger interference contribution from B → K∗γ
in B → K∗e+e−. However, this situation may be modified in the models mentioned above, in
which a neutral SUSY Higgs contribution can significantly enhance only the B → K(∗)µ+µ−

channel if tan β is large. Therefore, the ratio RK = B(B → Kµ+µ−)/B(B → Ke+e−) is an
observable that is sensitive to new physics if it is larger than unity.

From the current Belle results on the branching fractions [79] we obtain RK = 1.03± 0.19±
0.06 and RK∗ = 0.83 ± 0.17 ± 0.05. The uncertainties using 600 ab−1 are still dominated by
the statistical error. The systematic error in the ratio is dominated by the uncertainties of the
lepton identification efficiency, which are obtained from the dilepton data samples and will also
reduce with the increasing statistics. Scaling the total uncertainties to a larger luminosity the
expected error is

δRK = 0.07 (at 5 ab−1),
δRK = 0.02 (at 50 ab−1), (5.24)

and similar for the RK∗ .
The b → s!+!− transition diagram is equivalent to Bs → µ+µ−, which has been extensively

searched for by CDF and D0. The current best limit is B(B0
s → µ+µ−) < 4.7 × 10−8 (90%

C.L.) [81], which is still far from the SM prediction (3.4 ± 0.5) × 10−9. Since Bs → e+e− is

121

l+

l-

l+l- rest frame

B

l-

l+

B

-1
-0.75

-0.5
-0.25

0
0.25

0.5
0.75

1

0 2.5 5 7.5 10 12.5 15 17.5 20
q2    GeV2/c2

A FB
Figure 5.15: Forward-backward asymmetry in B → K∗!+!− at 5 ab−1.

5.3.8 B → Kµ+µ− versus B → Ke+e−

Branching fractions for the exclusive decays B → K(∗)!+!− have already been measured to be
consistent with SM predictions: the measurement error (∼ 13% [79]) is already smaller than the
uncertainty of the theoretical prediction; the latter suffers from large model dependent and irre-
ducible uncertainties in the form-factors of at least ±30% or even more if one takes into account
the variations in the available predictions. However, one can still utilize the measurements in
such a way that the theory uncertainties cancel.

In new physics models with a Higgs sector differing from that of the SM, scalar and pseudo-
scalar types of interactions may arise in b → s!+!−. Depending on the lepton flavor ! = e and
! = µ, the new physics effects can differ. By measuring RK(∗) = B(B → K(∗)µ+µ−)/B(B →
K(∗)e+e−), such new physics effects can be searched for. A particular example can be found in
a minimal supergravity model [57,80].

In the SM, the branching fractions for B → Ke+e− and B → Kµ+µ− are predicted to
be equal except for a tiny phase space difference due to the lepton masses, RK = 0.95. In
B → K∗!+!− decays, the branching fraction for B → K∗e+e− is larger than B → K∗µ+µ− for
small dilepton masses, RK∗ = 0.75, due to a larger interference contribution from B → K∗γ
in B → K∗e+e−. However, this situation may be modified in the models mentioned above, in
which a neutral SUSY Higgs contribution can significantly enhance only the B → K(∗)µ+µ−
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reduce with the increasing statistics. Scaling the total uncertainties to a larger luminosity the
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B → K∗�+�−
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標準模型
W

u, c, t

γ, Z

�6� The lightest SUSY particle is neutral.
�7� The condition for not having a charge or color

symmetry-breaking vacuum �24�.
Throughout this paper we fix the top-quark mass as 175

GeV, the bottom-quark pole mass as 4.62 GeV and
�s(mZ)�0.116. In Fig. 2, we show C7(mb), C9(mb), and
C10(mb), each of which is normalized to its SM value, for
tan��3, 30. In these figures we do not include the b→s�
constraint. We can see that in Fig. 2, C7(mb) can be quite
different from the SM value and even the opposite sign is
allowed for tan��30. On the other hand, C9(mb) and
C10(mb) differ from the SM values by at most 5% in the
whole parameter space for both tan��3, 30. In the calcula-
tion of C7(mb), there is a one-loop diagram with internal
stop and chargino which gives a large contribution when
tan� becomes large �6�. When chargino has a sizable
Higgsino component, this diagram is proportional to the
product of the top and bottom Yukawa coupling constants,
i.e., mtmb/�sin� cos��, which grows as tan� when tan� is
large. On the other hand, there are no such terms in the
calculation of C9(mb) and C10(mb). In fact, the correspond-
ing stop-Higgsino diagram in C9(mb) and C10(mb) is pro-
portional to the square of the top Yukawa coupling con-
stants, namely m t

2/sin2� , which does not grow for large
tan�. Indeed C9(mb) and C10(mb) could be large if tan��1,
but within the framework of the minimal SUGRA model
tan� is only allowed to be larger than two as far as we
require that the top Yukawa coupling constant remains per-
turbative up to the GUT scale.

We first show our numerical results for b→s���� and
discuss the electron case later. In Figs. 3 and 4, the branching
ratio and the forward-backward asymmetry in the SM are
shown as functions of the lepton pair invariant mass. In the
calculation of the b→sl�l� branching ratio we have used
mc/mb�0.31, �Vcb/� t��1.01, and B(b→ce �̄)�0.104 in Eq.
�3.6�. We also show similar curves for the minimal SUGRA
model with a particular set of parameters that tan��30,
m0�369 GeV, MgX�100 GeV, AX�m0 and the sign of � is
positive. This parameter set is chosen so that C7(mb) has the
same magnitude but the opposite sign to the SM value. We
show the curves with ���1 for both models. As can be seen
in Figs. 3 and 4, there are large contributions from the J/�
and �� resonances. Since we are interested only in the short-
distance contribution, we consider the following two regions:
the low-s region, 4m l

2�s�(mJ/���)2, and the high-s re-
gion, (m����)2�s�m b

2, where � is introduced to cut the
resonance regions and we take ��100 MeV here. We can
see that the sizable interference between the long- and short-
distance contributions even in these low- and high-s regions.
At the asymmetric B factory experiments, however, it may
be possible to determine the phase of � by measuring the
lepton invariant spectrum near the resonance regions. There-
fore, in the following, we consider the branching ratio and
asymmetry integrated in the above two kinematical regions
with a choice of ���1. These are defined as

B low�high���
low�high�

dŝB� ŝ �, �4.5�

AFB
low�high��

� low�high�dŝ„�01d�cos���d2B/d�cos��dŝ����1
0 d�cos���d2B/d�cos��dŝ�…

� low�high�dŝ„�01d�cos���d2B/d�cos��dŝ����1
0 d�cos���d2B/d�cos��dŝ�… . �4.6�

FIG. 3. B(b→sl�l�) in the SM and in the minimal SUGRA
model for ���1. The SUSY parameters are fixed with tan��30,
m0�369 GeV, MgX�100 GeV, AX�m0 , where C7(mb) becomes
the opposite sign to the SM.

FIG. 4. AFB(b→sl�l�) in the SM and in the minimal SUGRA
model for ���1. The SUSY parameters are fixed with tan��30,
m0�369 GeV, MgX�100 GeV, AX�m0 , where C7(mb) becomes
the opposite sign to the SM.
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推定統計誤差の評価
の統計誤差を推定する事ができるPτ = Pτ0 ± δPτ

P
τ

Phys. Lett. B 306, 411 (1993)

Tau polarization
not measured yet

δPτ ∼ 0.3

δPτ ∼ 0.04
Belle
Belle II

[7]. As for the 1=mQ corrections, we take them from

Ref. [45] and use !" ¼ 0:48 GeV for the mass difference
between a heavy meson and its constituent heavy quark.

Since the MS scheme is employed in the calculation of
the QCD corrections, we should use the same scheme for
the quark masses in Eq. (36). Thus, using the MS masses
!mb;cð!Þ, rm ¼ !mcð!Þ= !mbð!Þ. Note that rm is independent
of the renormalization scale! as it should be. We use rm ¼
0:21 in the following numerical calculations [47].

The analytic formula of #ðwÞ is rather cumbersome and
a detailed discussion on it is beyond the scope of this work.
We only present an approximate expression

#ðwÞ ¼ $0:019þ 0:041ðw$ 1Þ $ 0:015ðw$ 1Þ2; (42)

which is as good as 3% in the physical range of w. In the
following numerical results, we assume &100% error in
the estimation of #ðwÞ, that is, we replace #ðwÞ by a#ðwÞ
and vary the uncertainty factor a from 0 to 2.

B. Decay rate

Although the effect of charged Higgs on the decay rate is
well studied in the literature, we present our numerical
result to summarize the present status. It is convenient to
introduce a normalized decay rate for each value of "#,

R"#
¼ $"#

$‘
; (43)

where $‘ ¼ $$jm#¼0 is the decay rate of !B ! D‘ !$. We
expect that several uncertainties (both theoretical and ex-
perimental) tend to cancel by taking the ratio of the decay
rates. In particular, the uncertainty in jVcbjV1ð1Þ disappears
in the theoretical calculation. The branching-fraction ratio
defined in Eq. (4) is given by R ¼ Rþ þ R$.

In Fig. 1, we show the branching-fraction ratio R as a
function of t%=mH& , the control parameter of the charged
Higgs effect. Hereafter, we take t% to be real and positive.
The dark shaded (magenta) band represents the theoretical
prediction with the uncertainties in &2

1 and a. The present
experimental bounds corresponding to Eq. (4) are also
shown in the figure by the light shaded (light blue) hori-
zontal regions. A few comments are in order:
(1) The SM prediction is RjSM ¼ 0:302& 0:015, which

does not contradict with those in the literature
[18,20].

(2) The present experimental result is consistent with
the SM, but it seems slightly larger than the SM
prediction.

(3) The allowed regions of t%=mH& are given as
t%=mH& < 0:14 GeV$1 and 0:42 GeV$1 <
t%=mH& < 0:50 GeV$1. The latter region, in which
the charged Higgs contribution dominates over the
W boson contribution, is practically excluded if
combined with B$ ! # !$.

C. Polarization

In Fig. 2, the # longitudinal polarization in the q rest
frame is presented as a function of t%=mH& . The width of
the band shows the uncertainty in the theoretical calcula-
tion corresponding to &2

1 and a. The SM prediction turns
out to be PL ¼ 0:325& 0:009. The theoretical uncertainty
is remarkably small and dominated by the a factor. The
expected statistical uncertainty in the super B factory is
'PL ' 0:04 and larger than the uncertainty in the SM
prediction.

D. Relation between R and PL

The decay rate and the # longitudinal polarization are
independent observables in general. However, as men-
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FIG. 1 (color online). The branching-fraction ratio R ¼
Bð !B ! D#$ !$#Þ=Bð !B ! D‘$ !$‘Þ as a function of t%=mH& .
The dark shaded (magenta) band represents the theoretical
prediction, including the uncertainties due to &2

1 and a. The light
shaded (light blue) horizontal regions show the present experi-
mental bounds at 1( and 2(.
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FIG. 2 (color online). The # longitudinal polarization PL as a
function of t%=mH& . The narrow shaded (magenta) band repre-
sents the theoretical prediction with the uncertainties due to &2

1
and a.

TAU LONGITUDINAL POLARIZATION IN . . . PHYSICAL REVIEW D 82, 034027 (2010)

034027-5

B τ
/B

�

Bτ/B� = 0.40± 0.08

MT, R. Watanabe (2010)
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BR and tau pol.
B τ
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tioned in the last paragraph of Sec. III, they are related in
the case of the charged Higgs because of the specific chiral
structure of its interaction. It is straightforward to find

Rð1" PLÞ ¼ 2R" ¼ 0:204% 0:008; (44)

where R" is determined only by the standard W boson
contribution as seen in Eq. (38). We present this relation in
Fig. 3 as the dark shaded (magenta) band with the error.
The light shaded (light blue) horizontal regions show the
present experimental bounds on R at 1! and 2!. The
present experimental result on R implies 0:15< PL <
0:64. The theoretical predictions on R and PL for several
values of t"=mH% including the SM (t"=mH% ¼ 0) are also
indicated by the (blue) crosses. The leftmost cross is the
turning point regarding the curve as a trajectory parame-
terized by t"=mH% . Incidentally, the two-fold ambiguity in
t"=mH% apparently remains. But, it can be solved combin-
ing with B ! # !$.

Equation (44) provides a crucial test for the charged
Higgs ansatz. If a set of R and PL is found out of the
dark shaded (magenta) band in Fig. 3, it immediately
signifies the existence of new physics other than the
charged Higgs. On the other hand, if one finds it within
the band, but away from the SM prediction, it means that
the new physics contributes to "þ and not to "", and
strongly suggests the charged Higgs.

V. CONCLUSIONS

We have studied the # longitudinal polarization in the q
rest frame in !B ! D# !$. The # polarization is measured
through the distribution of subsequent # decays. The ex-
pected statistical uncertainty at the super B factory is
%PL ' 0:04ð0:08Þ for # ! &$ (# ! ‘ !$$).
Then, we have examined the effects of the charged

Higgs boson to the decay rate and the # polarization in !B !
D# !$. It turns out that the allowed ranges of the charged
Higgs parameter for the present value of the branching
fraction are t"=mH% < 0:14 GeV"1 and 0:42 GeV"1 <
t"=mH% < 0:50 GeV"1, and the uncertainty in the theo-
retical calculation of the # polarizations is notably small.
Furthermore, we have found that the # longitudinal

polarization PL is uniquely related to the branching-
fraction ratio R in the presence of the charged Higgs
effects. This relation reflects the specific feature of the
charged Higgs interaction. The present experimental result
R ¼ 0:40% 0:08 implies 0:15<PL < 0:64. If a deviation
from the SM is found in R, the # longitudinal polarization
will provide us an important information on the new
physics.
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FIG. 3 (color online). The relation between the branching-
fraction ratio R and the # longitudinal polarization PL. The
dark shaded (magenta) band represents the relation in Eq. (44)
with the error. The present experimental bounds on R at 1! and
2! are also shown by the light shaded (light blue) horizontal
regions. The (blue) crosses indicate the theoretical predictions on
R and PL for several values of t"=mH% , including the SM.
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タウファクトリーとしてのスーパーBファクトリー
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O(1011)
γ
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τ+

τ− 個のタウを生成
τ → µγ 標準模型では禁止
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超対称模型
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(スーパー)Bファクトリー
走っているB中間子ペアを多数作る。
(タウもたくさんできる。)

走っているBの崩壊⇒崩壊時刻がわかる。
B中間子混合、CP非対称性
Bファクトリー：～10%の精度でKMを検証
スーパーBファクトリー：～1%

標準模型を越える新しい物理
宇宙のバリオン数⇒未知のCPの破れ？
ダークマター⇒未知の素粒子？

超対称性？　余剰次元？
フレーバーの謎


