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b→s transition

• Flavor Changing Neutral Current

• 標準理論ではループダイアグラムを介して可能

• SUSYとの結合も同じオーダー(1-loop)で可能
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introduction

KEKB加速器

電子•陽電子コライダー



introduction

3.5 GeV e+

8.0 GeV e-

Belle detector

B

B̄

e− e+

8GeV 3.5GeV

center of mass energy = 10.58 GeV

βγ = 0.425
e+e− → Υ(4S)→ BB̄
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Central Drift Chamber

Aerogel Cherenkov Counter

Time Of Flight (plastic scintillator)

Silicon Vertex Detector

Electromagnetic Calorimeter (CsI(Tl))

Solenoid Magnet (1.5T)

KL/muon detector

side view

e− e+

Belle detector
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Silicon Vertex Detector

2 cm

BELLE
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"s vertex

崩壊点の測定
SVD2(4 layers)
σz < 200μm(~Δz)
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Central Drift Chamber

10 cm

BELLE
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#"

"s vertex

荷電粒子の飛跡を検出
運動量、dE/dxを測定
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Aerogel Cherenkov Counter

Particle ID
K/π

CHAPTER 3. EXPERIMENTAL APPARATUS
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Figure 3.10: ACC number of photo-electron distribution for π± and K± from D∗± decays.
Each plot corresponds to the different set of modules with a different refractive index.

1.5 cm gaps between the TOF counters and TSC counters are introduced to isolate TOF from
photon conversion backgrounds by taking the coincidence between the TOF and TSC counters.
Electrons and positrons created in the TSC layer are impeded from reaching the TOF counters
due to this gap in a 1.5 T field. Fine-mesh photomultiplier tubes (FM-PMTs) are attached to
both ends of the TOF counter with air gaps of 0.1 mm. The air gaps for the TOF counter
selectively pass earlier arrival photons with small incident angle and reduce a gain saturation
effect of FM-PMTs due to large pulses at a very high rate. Since the time resolution is
determined by the rising edge of the time profile of arrival photons at PMT, the air gaps
hardly affect the time resolution. As for the TSC counters, the tubes are glued to the light
guides at the backward ends.

Figure 3.12 shows time resolutions as a function of z for forward and backward PMTs and
for the weighted average. The resolution for the weighted average is about 100 ps with a small
z dependence. This satisfies the requirement. Figure 3.13 shows the mass distribution for
each track in hadron events, calculated using Eq. (3.9) using the momentum of the particle
determined from the CDC track fit assuming muon mass. Clear peaks corresponding to pions,
kaons, and protons are seen. The data points are in good agreement with an MC expectation
(histogram) obtained assuming the time resolution of TOF σTOF = 100 ps.

2-5 Electromagnetic Calorimeter (ECL)

The main purpose of the electromagnetic calorimeter is the detection of photons from B meson
decays with high efficiency and good resolutions in energy and position. Since most of these
photons are end products of cascade decays, they have relatively low energies and, thus, good
performance below 500 MeV is especially important. On the other hand, since important two-
body decay modes, such as B → K∗γ and B0 → π0π0, produce photons energies up to 4 GeV,
good resolution for high momentum region is also needed to reduce backgrounds for these
modes. Electron identification in Belle relies primarily on a comparison of the charged particle
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Time Of Flight (plastic scintillator)

飛行時間
PID(K/π)

K/π

CHAPTER 3. EXPERIMENTAL APPARATUS

Exp5 data

! (TOF) = 100ps

P<1.25GeV/c

Figure 3.13: Mass distribution from TOF measurements for particles with momenta below
1.2 GeV/c. The histogram corresponds to MC distribution.

momentum and the energy deposits in the electromagnetic calorimeter. Good electromagnetic
energy resolution results in better hadron rejection against electron. High momentum π0

detection requires the separation of two nearby photons and a precise determination of their
opening angle. This requires a fine-grained segmentation in the calorimeter.

In order to satisfy the above requirements, we use a highly segmented array of CsI(Tl)
crystals with silicon photodiode readout installed in a magnetic field of 1.5 T inside a super-
conducting solenoid magnet. CsI(Tl) crystals have desirable features of a large photon yield,
weak hygroscopicity, mechanical stability, and moderate price.

The overall configuration of the Belle calorimeter system, ECL [37], is shown in Fig. 3.14.
ECL consists of the barrel section of 3.0 m in length with the inner radius of 1.25 m and the
annular end-caps at z = +2.0 m and −1.0 m from IP. Each crystal has a tower-like shape and is
arranged to point almost to IP. There are small tilt angles from the direction exactly pointing to
the IP to avoid photons to escape through the gap of the crystals. In the barrel section the tilt
is ∼ 1.3◦ in the θ and φ directions. Forward (backward) end-cap crystals are tilted by ∼ 1.5◦

(∼ 4.0◦) in the θ direction. The calorimeter covers the polar angle region of 17.0◦ < θ < 150.0◦,
corresponding to a total solid angle coverage of 91% of 4π sr. Small gaps between the barrel
and end-cap crystals provide a pathway for cables and room for supporting structures of the
inner detectors. The loss of solid angle associated with these gaps is approximately 3% of the
total acceptance. The entire system contains 8736 CsI(Tl) counters and weighs 43 tons.

The size of a crystal in the θ-φ direction is determined so that a crystal contains approx-
imately 80% of the total energy deposit by a photon injected at the center of its front face.
The typical dimension of a crystal is 55 mm× 55 mm at front face and 65 mm× 65 mm at rear
face for the barrel part. The length (in r direction) is 30 cm, which corresponds to 16.2 X0

(radiation length). This length is long enough to avoid deterioration of the energy resolution
at high energies due to the shower leakage from rear of the counter.

The energy dependence of the average position resolution estimated by MC and can be
approximated by

σ (mm) = 0.27 +
3.4√
E

+
1.8
4
√

E
(E in GeV) , (3.10)

which is shown in Fig. 3.15. As can be seen in the figure, the estimation is well consistent with
the result of the beam test [37] in the measured energy region. The energy resolution given by
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Electromagnetic Calorimeter (CsI(Tl))

photonのエネルギー、
位置を測定
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Figure 3.15: Energy dependence of the average position resolution. The solid curve is the result
of the fit to the MC.
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Figure 3.16: Energy resolutions calibrated and measured with e+e− → e+e− (Bhabha) events.
The plots correspond the overall average (top left) and each of the barrel (top right), forward
end-cap (bottom left), and backward end-cap (bottom right) sections.
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Figure 3.15: Energy dependence of the average position resolution. The solid curve is the result
of the fit to the MC.
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Figure 3.16: Energy resolutions calibrated and measured with e+e− → e+e− (Bhabha) events.
The plots correspond the overall average (top left) and each of the barrel (top right), forward
end-cap (bottom left), and backward end-cap (bottom right) sections.
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Solenoid Magnet (1.5T)

z方向の磁場



introduction

KL/muon detector

鉄+RPC(スパークチェンバーのようなもの)の層

KL : 鉄でハドロンシャワー
μ : 透過力があるので何層も突き抜ける

20 cm

BELLE

!!
!"

K
L 
cluster

B → J/ψKL



B→Xsll



B→Xsll

•  ペンギン or ボックス　ダイアグラム

•豊富な観測量
• Branching fraction (10-7 ~ 10-6)

• Isospin Asymmetry

• Forward-Backward Asymmetry
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Vts ~ 10-2



B→Xsll

• Wilson係数にも感度がある

• Wilson係数はSMでは精度よく計算されている

• new physicsの寄与はそこからのずれとして現れる

•３つのWilson係数が寄与

• C7 : electromagnetic penguin diagram

✦ |C7| ~ 0.33 from B.F(B → Xsγ)

✦ b→sll はC7の符号に感度がある

• C9 : vector part of weak diagram

• C10 : axial vector part of weak diagram



Operator Product Expansion

• Operator Product Expansion

• 実効オペレータOiとWilson係数Ciを使ってハミルトニアンを書き下す

H ∼
∑

i

CiOi
W Oi
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B→Xsll

• Wilson係数にも感度がある

• Wilson係数はSMでは精度よく計算されている

• new physicsの寄与はそこからのずれとして現れる

•３つのWilson係数が寄与

• C7 : electromagnetic penguin diagram

✦ |C7| ~ 0.33 from B.F(B → Xsγ)

✦ b→sll はC7の符号に感度がある

• C9 : vector part of weak diagram

• C10 : axial vector part of weak diagram
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inclusive/exclusive 
• Inclusive

• 反応 a + b → c + Xにおいて、cのみを観測してXに含まれているいろいろな粒
子を観測しないときこれをinclusive反応と呼ぶ

• Exclusive

• これに対して、a + b → c1 + c2 + .. cn のように終状態の限定した粒子は全て
観測する反応をexclusive反応と呼ぶ

B l

l

X

B l

l

K*

K

!

B → Xll

ref. leptons and quarks

π

B → K∗ll



exclusive B→K(*)ll



outline

• Event selection and reconstruction

• Background suppression

• Branching fraction

• Isospin Asymmetry

• Forward-backward asymmetry



exclusive mode B→K(*)ll
• Particle ID

• K/π 

✦ CDC (dE/dx)

✦ TOF

✦ ACC (number of photoelectron:Npe)

• electron ID 

✦ ECL (position, shower shape)

✦ CDC (dE/dx)

✦ ACC (Npe)

• muon ID

✦ KLM (range, hit position)

✦ CDC (tracking)

B

K*K+π−

Ksπ
+

K+π0

µ+µ−

e+e−

B → K∗ll

B
K+

Ks

µ+µ−

e+e−
B → Kll

CDC

ACC
TOF

SVD

ECL
Solenoid Magnet

KLM



exclusive mode B→K(*)ll
• Particle ID

• K/π 

✦ CDC (dE/dx)

✦ TOF

✦ ACC (number of photoelectron:Npe)

• electron ID 

✦ ECL (position, shower shape)

✦ CDC (dE/dx)

✦ ACC (Npe)

• muon ID

✦ KLM (range, hit position)

✦ CDC (tracking)

B

K*K+π−

Ksπ
+

K+π0

µ+µ−

e+e−

B → K∗ll

B
K+

Ks

µ+µ−

e+e−
B → Kll

CDC

ACC
TOF

SVD

ECL
Solenoid Magnet

KLM

pion : eff.  85%/ fake rate 3%
kaon : eff.~ 90%/ fake rate 9%

eff.  90% /fake rate 0.3% (as pion)

eff.  80% /fake rate 1.5% (as pion)



Reconstruction
• Ks

• ππのうち崩壊点がIPから離れたもの

• |Mππ - MKs|<15GeV/c2

• neutral pion

• 2γから再構成

• 115< Mγγ <152 GeV/c2

• K*

• MKπ

• B meson

Mbc =
√

(E∗
beam/c2)2 − | !p∗B/c|2

∆E = E∗
B − E∗

beam

|∆E| < 35 MeV for K(∗)µ+µ−

−55 < ∆E < 35 MeV for K(∗)e+e−

Fitに用いる
(分岐比測定)

5.2GeV/c2 < Mbc < 5.29GeV/c2

MKπ < 1.2GeV/c2

5.27GeV/c2 < Mbc < 5.29GeV/c2

|MKπ −MK∗ | < 80MeV/c2



Background suppression

• continuum

• Bのセミレプトニック崩壊

• B→J/ψ(→ll)K(*), ψ(→ll)K(*)



Background suppression 

• continuum background

• ee → qq (q=u,d,s,c)

• 終状態に運動量の大きなKaonやpionをたくさん作る

• 数が多い(~x3)

BB event continuum event

崩壊点の差 Δz cτβγ ~ 200μm ~0 (ほぼ一点から)

崩壊生成物
(event shape)

等方的(Bは重いのでほぼ静止) 2ジェット状(軽いクォークが大きな運動量を持つ)

崩壊角分布 θB sin2θ (Y(4S)(J=1),B(J=0) ) ~uniform (ランダムな組み合わせ)



Background suppression
• Event shape

• 終状態粒子の運動量の情報を使う

• Fox-Wolfram momentを応用して、18個の変
数(xk)を定義、signalとbackgroundの分離が
最適となる係数(Fisher discriminant: F)を計算
(F=Σαkxk)
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Figure 2.2: (a) The missing-mass bins, and (b)∼(h) the corresponding Fisher
discriminant in each bin, (i) cosθB , (j) ∆z , and (k) Likelihood Ratio distri-
butions. The red histogram is from signal MC and the blue one is from qq
MC.
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Figure 2.2: (a) The missing-mass bins, and (b)∼(h) the corresponding Fisher
discriminant in each bin, (i) cosθB , (j) ∆z , and (k) Likelihood Ratio distri-
butions. The red histogram is from signal MC and the blue one is from qq
MC.
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Rl =
∑

|pi||pj |Pl(cosθij)∑
|pi||pj |

R2 =
∑

|pi||pj |cosθij∑
|pi||pj | =

∑
pi · pj∑
|pi||pj |

Fox-Wolfram moment

R2 = 0 for BB event
R2 = 1 for qq event
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Figure 2.2: (a) The missing-mass bins, and (b)∼(h) the corresponding Fisher
discriminant in each bin, (i) cosθB , (j) ∆z , and (k) Likelihood Ratio distri-
butions. The red histogram is from signal MC and the blue one is from qq
MC.
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Background suppression

• Bのセミレプトニック崩壊

• ニュートリノが２つ以上

• missing massが有効な変数

• lepton vertex, Fisher

b→ cl−ν̄

b̄→ c̄l+ν

BB̄が...

b→ cl−ν̄
c→ sl−ν

Bひとつの　　が

(a) (b) (c)
Entries           66785

Mmiss binMmiss bin

0

5000

10000

15000

20000

25000

30000

0 1 2 3 4 5 6 7

Entries            2065

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

Entries            2050

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2

(d) (e) (f)
Entries            3119

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

0.12

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

Entries            5582

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

Entries            9452

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

(g) (h) (i)
Entries           15663

K_SFWK_SFW

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

Entries           28854

K_SFWK_SFW

0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0.225

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2

Entries           37285

Cos!
B

Cos!
B

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

(j) (k)
Entries           36230

"z
ll
 (cm)"z

ll
 (cm)

0

0.05

0.1

0.15

0.2

0.25

0.3

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Entries          136860

LR
BB

LR
BB

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.3: (a) The missing-mass bins, and (b)∼(h) the corresponding Fisher
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Background suppression

• B→J/ψ(→ll)K(*) , ψ(→ll)K(*)

• 終状態の粒子の組み合わせがsignalと同じ

• 運動学的な変数が signal に似たピークを作る

• フィットで分離しにくい

• di-leptonのinvariant mass がJ/ψやψの付近にある事象は除く



Results

• data set = 657x106 B中間子対

• Branching fraction

• q2=(Mll)の関数として微分分岐比を求めるためq2を6ビンに分割

• Isospin asymmetry

• Forward-backward asymmetry

•



Results

• data set = 657x106 B中間子対

• Branching fraction

• q2=(Mllc2)の関数として微分分岐比を求めるためq2を6ビンに分割

• Isospin asymmetry

• Forward-backward asymmetry

•

比をとることで理論の不定性を
ある程度キャンセルできる

(系統誤差も)
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isospin asymmetry

• SMではAIは小さい<10%

AI =
(τB+)/(τB0)B(K(∗)0l+l−)− B(K(∗)±l+l−)
(τB+)/(τB0)B(K(∗)0l+l−) + B(K(∗)±l+l−)
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Figure 5: Isospin asymmetry (3) for the decay B → K∗!+!− as a function of q2. Notations
as in Fig. 4.
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Figure 6: The isospin asymmetry dAI/dq2 for the decay B → K∗!+!− as a function of q2.

(a) The combination a(0)
6 = (C̄6 + C̄5/3) in the function K⊥(a)

1 is varied within a factor of
two around its SM value (dark band = larger values, light band = smaller values). (b)

The same for the combination a(0)
4 = (C̄4 + C̄3/3) in the functions K‖(a)

1 and K⊥(a)
2 .

is tempted to consider this scenario as already excluded. (A reduction of theoretical and
experimental uncertainties for this observable, combined with a measurement of the FB
asymmetry would allow for an ultimate conclusion.) The Wilson coefficients for semi-
leptonic and 4-quark penguin operators are only slightly affected in our MFV scenario,
and therefore for SM-like sign of Ceff

7 MFV is indistinguishable from the SM within the
theoretical uncertainties.

On the other hand, in a generic new physics model, one might expect sizeable correc-
tions to other Wilson coefficients as well, which may show up in the B → K∗!+!− decay
asymmetries. In the following we perform a brief discussion on the possible size of such
effects.

• The penguin operators O3−6 give the main effect to the isospin asymmetry in B →
K∗γ and B → K∗!+!−. More precisely, dAI/dq2 is sensitive to the combinations

a(0)
6 = (C̄6 + C̄5/3) and a(0)

4 = (C̄4 + C̄3/3) entering the functions K⊥(a)
1,2 and K‖(a)
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dΓ
dcosθBl

=
3
4
FLsin2θBl +

3
8
(1− FL)(1 + cos2θBl) + AFBcosθBl

B→K*ll angular analysis

• K* 偏極度(FL)

• Forward-backward Asymmetry (AFB)

dΓ
dcosθK∗

=
3
2
FLcos2θK∗ +

3
4
(1− FL)sin2θK∗

FLやAFBからWilson係数を
決定することができる

B

l+

l−

K

π



angular analysis
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SuperKEKB/Belle II
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New Physics Scenario

• Minimum Flavor Violation

• flavor transitionはCKM起源, 最低限のSUSY

• SUSY mass ~1TeV(heavy)

✦ charged Higgs, stop ~ 数百GeV
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Figure 4: FB asymmetry (2) for the decay B → K∗!+!− as a function of q2. The light
band corresponds to the region of parameter space with same (negative) sign for C7 as
in the SM; the dark band refers to solutions with flipped sign for C7; and the dotted line
is the central value of the SM prediction.

Fig. 1, we observe that the variation of MFV parameters for the case of SM-like sign
of Ceff

7 (light band) is indistinguishable from the hadronic uncertainties. An exception
is the FB asymmetry zero where the hadronic uncertainty is reduced due to the form
factor relations discussed in [23, 24, 22]. Here the MFV effects are competitive with the
hadronic uncertainty, and show a tendency towards lower values of the FB asymmetry
zero. This implies that if the experimental measurement of the FB asymmetry zero found
an even larger values than predicted in the SM it would not easily be accommodated by
our MFV scenario, and eventually would lead to the exclusion of the region of parameter
space described in section 3.1. As is well known, for the flipped sign solution of Ceff

7 (dark
band) the characteristic features of the FB asymmetry change dramatically: dAFB/dq2 is
positive for small and large values of q2, and there is no asymmetry zero in the spectrum.

The MFV prediction for the isospin asymmetry, shown in Fig. 5, also splits into two
bands, according to the sign of Ceff

7 . Because the isospin asymmetry is dominated by the
penguin coefficients C3−6 which are only slightly modified in our MFV scenario, both
bands are very thin. Within the MFV the isospin asymmetry at small values of q2 thus
provides a possibility to exclude the flipped sign solution for Ceff

7 , independently from
the analysis of the FB asymmetry (as already mentioned, at present, experimental data
favor the same-sign solution). On the other hand, a measurement of a large isospin
asymmetry at moderate values of q2 would point to physics beyond both, the SM and
MFV.

4 Beyond MFV

As we have seen in the previous section, in MFV the main effect on the FB and isospin
asymmetry is due to a possible sign flip in the value of Ceff

7 . Taking the central value of
the experimental measurement of the isospin asymmetry in B → K∗γ at face value, one
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Figure 5: Isospin asymmetry (3) for the decay B → K∗!+!− as a function of q2. Notations
as in Fig. 4.

(a) 0 1 2 3 4 5 6 7

0

5

10

15

0 1 2 3 4 5 6 7

0

5

10

15

(b) 0 1 2 3 4 5 6 7

0

5

10

15

0 1 2 3 4 5 6 7

0

5

10

15

Figure 6: The isospin asymmetry dAI/dq2 for the decay B → K∗!+!− as a function of q2.

(a) The combination a(0)
6 = (C̄6 + C̄5/3) in the function K⊥(a)

1 is varied within a factor of
two around its SM value (dark band = larger values, light band = smaller values). (b)

The same for the combination a(0)
4 = (C̄4 + C̄3/3) in the functions K‖(a)

1 and K⊥(a)
2 .

is tempted to consider this scenario as already excluded. (A reduction of theoretical and
experimental uncertainties for this observable, combined with a measurement of the FB
asymmetry would allow for an ultimate conclusion.) The Wilson coefficients for semi-
leptonic and 4-quark penguin operators are only slightly affected in our MFV scenario,
and therefore for SM-like sign of Ceff

7 MFV is indistinguishable from the SM within the
theoretical uncertainties.

On the other hand, in a generic new physics model, one might expect sizeable correc-
tions to other Wilson coefficients as well, which may show up in the B → K∗!+!− decay
asymmetries. In the following we perform a brief discussion on the possible size of such
effects.

• The penguin operators O3−6 give the main effect to the isospin asymmetry in B →
K∗γ and B → K∗!+!−. More precisely, dAI/dq2 is sensitive to the combinations

a(0)
6 = (C̄6 + C̄5/3) and a(0)

4 = (C̄4 + C̄3/3) entering the functions K⊥(a)
1,2 and K‖(a)

1

15



inclusive B→Xsll



inclusive B→Xsll

• semi-inclusive 

• 36のexclusiveモードの和: K/Ks + 0-4π + lepton pair

prelimin
ary

MXs > 1.0GeV
(Kll, K*llを除く)

MXs > 1.0GeVで初めて3σのeventを観測
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Data 

MC 

BELLE 604fb-1
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Xs

B(B → Xsll) = (3.33± 0.80+0.19
−0.24)× 10−6

• 5つのbinに分ける

• それぞれの分岐比を測定

• 5つの結果をcombineする

• systematic errorを小さくできる
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inclusive B→Xsll

• SMの予想とよく合っている

Data 

MC 

BELLE 604fb-1

SM

flipped C7

T.Goto et al. PRD 55 4273 (1997)

(MXs < 2.0 GeV/c2)

J/ψ ψ’ J/ψ ψ’

prelimin
ary



summary

b→sの遷移

• new physics のプローブとして注目

B→Xsll analysis

• 豊富な観測量

• FAB(q2~小)にずれ？　flipped-C7 like

• inclusive modeではSM like

•


