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実光子の過程は
よく研究されて
いる
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物理的背景

物理的背景を議論する目的

Ke3ee の包含する物理の紹介

崩壊分岐比を決定するためには，
そのモードを良く理解したMCが必須



物理的背景 入門Ke3の物理

K0

ν

π

e+

-

Ke3と呼ばれる KL最大の崩壊過程(0.4067±0.0011)
   ; 実光子放出過程を含み40.67(%)



物理的背景 入門Ke3の物理

K0
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e+- ν current は電弱相
互作用で精密な記述

Mkl3 =
GF√

2
< e+ν|(Jµ)+|0 >< π−(pπ)|Jµ|K0(pK) >



物理的背景 入門Ke3の物理

K0

ν

π

e+

-

e+- ν current は電弱相
互作用で精密な記述

K0-π- 弱current は強い
相互作用の構造をもち精
密解を得られない

Mkl3 =
GF√

2
< e+ν|(Jµ)+|0 >< π−(pπ)|Jµ|K0(pK) >



物理的背景 入門Ke3の物理

K0

ν

π

e+

-

CKM 行列のVusを決め
るのに使われる

K0-π- 弱current 構造の
記述は不可欠→よく研究

低エネルギーにおける強
い相互作用を表すModel 
の良いテスト

s̄

ū



K-π current が理解されないなかで
Vus をどう決めるか？

現象論的な form factor で K-π current を記述
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We present a determination of the CKM parameter |Vus| based on new measurements of the
six largest KL branching fractions and semileptonic form factors by the KTeV (E832) experiment
at Fermilab. We find |Vus| = 0.2252 ± 0.0008KTeV ± 0.0021ext , where the errors are from KTeV
measurements and from external sources. We also use the measured branching fractions to determine
the CP violation parameter |η+−| = (2.228 ± 0.005KTeV ± 0.009ext) × 10−3.

PACS numbers: 12.15.Hh, 13.25.Es, 13.20.Eb

The Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,
2] describes the charged current couplings of the u, c, and
t quarks to the d, s, and b quarks. The first row of this
matrix provides the most stringent test of the unitarity of
the matrix. Current measurements [3] deviate from uni-
tarity at the 2.2 sigma level: 1−(|Vud|2+|Vus|2+|Vub|2) =
0.0043± 0.0019. |Vus|, which contributes an uncertainty
of 0.0010 to this unitarity test, has been determined from
charged and neutral kaon semileptonic decay rates. This
determination is based on the partial width for semilep-
tonic K decay, ΓK!3:

ΓK!3 =
G2

F M5
K

192π3
SEW (1 + δ!

K)C2 |Vus|
2 f2

+(0)I!
K , (1)

where # refers to either e or µ, GF is the Fermi constant,
MK is the kaon mass, SEW is the short-distance radia-
tive correction, δ!

K is the mode-dependent long-distance
radiative correction, f+(0) is the calculated form fac-
tor at zero momentum transfer for the #ν system, and
I!
K is the phase-space integral, which depends on mea-

sured semileptonic form factors. C2 is 1 (1/2) for neutral
(charged) kaon decays. The current PDG determination
of |Vus| is based only on K → πeν decays; K → πµν
decays have not been used because of large uncertainties
in Iµ

K .

In this Letter, we present a determination of |Vus| by
the KTeV (E832) experiment at Fermilab based on mea-
surements of the KL → π±e∓ν and KL → π±µ∓ν par-
tial widths and form factors. These measurements are
described in detail elsewhere [4, 5]; a brief summary is
given here. Our |Vus| determination also makes use of a
new treatment of radiative corrections [6].

To determine the KL → π±e∓ν and KL → π±µ∓ν
partial widths, we measure the following five ratios:

ΓKµ3/ΓKe3 ≡ Γ(KL → π±µ∓ν)/Γ(KL → π±e∓ν) (2)

Γ+−0/ΓKe3 ≡ Γ(KL → π+π−π0)/Γ(KL → π±e∓ν)(3)

Γ000/ΓKe3 ≡ Γ(KL → π0π0π0)/Γ(KL → π±e∓ν) (4)

Γ+−/ΓKe3 ≡ Γ(KL → π+π−)/Γ(KL → π±e∓ν) (5)

Γ00/Γ000 ≡ Γ(KL → π0π0)/Γ(KL → π0π0π0), (6)

where internal bremsstrahlung contributions are included
for all decay modes with charged particles. Since the six
decay modes listed above account for more than 99.9% of
the total decay rate, the five partial width ratios may be
converted into measurements of the branching fractions
for the six decay modes. The KL lifetime is then used
to convert these branching fractions into partial widths.
The branching fraction measurements also can be used to
determine the CP violation parameter |η+−|2 ≡ Γ(KL →
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In this Letter, we present a determination of |Vus| by
the KTeV (E832) experiment at Fermilab based on mea-
surements of the KL → π±e∓ν and KL → π±µ∓ν par-
tial widths and form factors. These measurements are
described in detail elsewhere [4, 5]; a brief summary is
given here. Our |Vus| determination also makes use of a
new treatment of radiative corrections [6].

To determine the KL → π±e∓ν and KL → π±µ∓ν
partial widths, we measure the following five ratios:
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for all decay modes with charged particles. Since the six
decay modes listed above account for more than 99.9% of
the total decay rate, the five partial width ratios may be
converted into measurements of the branching fractions
for the six decay modes. The KL lifetime is then used
to convert these branching fractions into partial widths.
The branching fraction measurements also can be used to
determine the CP violation parameter |η+−|2 ≡ Γ(KL →

K0

ν

π

e+

-

t = Pw
2

答え

f+(t) =

f+(0)
(
1 + λ′

+
t

M2
π

+
1
2
λ′′

+
t2

M4
π

)



Ke3eeにもこのform factor
　を使える？
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The Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,
2] describes the charged current couplings of the u, c, and
t quarks to the d, s, and b quarks. The first row of this
matrix provides the most stringent test of the unitarity of
the matrix. Current measurements [3] deviate from uni-
tarity at the 2.2 sigma level: 1−(|Vud|2+|Vus|2+|Vub|2) =
0.0043± 0.0019. |Vus|, which contributes an uncertainty
of 0.0010 to this unitarity test, has been determined from
charged and neutral kaon semileptonic decay rates. This
determination is based on the partial width for semilep-
tonic K decay, ΓK!3:

ΓK!3 =
G2

F M5
K

192π3
SEW (1 + δ!

K)C2 |Vus|
2 f2

+(0)I!
K , (1)

where # refers to either e or µ, GF is the Fermi constant,
MK is the kaon mass, SEW is the short-distance radia-
tive correction, δ!

K is the mode-dependent long-distance
radiative correction, f+(0) is the calculated form fac-
tor at zero momentum transfer for the #ν system, and
I!
K is the phase-space integral, which depends on mea-

sured semileptonic form factors. C2 is 1 (1/2) for neutral
(charged) kaon decays. The current PDG determination
of |Vus| is based only on K → πeν decays; K → πµν
decays have not been used because of large uncertainties
in Iµ

K .

In this Letter, we present a determination of |Vus| by
the KTeV (E832) experiment at Fermilab based on mea-
surements of the KL → π±e∓ν and KL → π±µ∓ν par-
tial widths and form factors. These measurements are
described in detail elsewhere [4, 5]; a brief summary is
given here. Our |Vus| determination also makes use of a
new treatment of radiative corrections [6].

To determine the KL → π±e∓ν and KL → π±µ∓ν
partial widths, we measure the following five ratios:

ΓKµ3/ΓKe3 ≡ Γ(KL → π±µ∓ν)/Γ(KL → π±e∓ν) (2)

Γ+−0/ΓKe3 ≡ Γ(KL → π+π−π0)/Γ(KL → π±e∓ν)(3)

Γ000/ΓKe3 ≡ Γ(KL → π0π0π0)/Γ(KL → π±e∓ν) (4)

Γ+−/ΓKe3 ≡ Γ(KL → π+π−)/Γ(KL → π±e∓ν) (5)

Γ00/Γ000 ≡ Γ(KL → π0π0)/Γ(KL → π0π0π0), (6)

where internal bremsstrahlung contributions are included
for all decay modes with charged particles. Since the six
decay modes listed above account for more than 99.9% of
the total decay rate, the five partial width ratios may be
converted into measurements of the branching fractions
for the six decay modes. The KL lifetime is then used
to convert these branching fractions into partial widths.
The branching fraction measurements also can be used to
determine the CP violation parameter |η+−|2 ≡ Γ(KL →
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surements of the KL → π±e∓ν and KL → π±µ∓ν par-
tial widths and form factors. These measurements are
described in detail elsewhere [4, 5]; a brief summary is
given here. Our |Vus| determination also makes use of a
new treatment of radiative corrections [6].
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for all decay modes with charged particles. Since the six
decay modes listed above account for more than 99.9% of
the total decay rate, the five partial width ratios may be
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εµ → e

q2
ūγµv の読み替えだけでよい？ ×

Gauge invariance を破るなど物理的にナンセンスになる可能性
しかし，MCのため K-π current の表現は必須

ここに実光子のモードは入っている



Chiral Perturbation Theory
(ChPT)を試みる

今行っている研究に依存するパラメータがない
（何かを Tune する必要がない）

未知のモード(Ke3ee)による ChPT→QCD の検証



ChPT入門(Chiral symmetry)

Chiral symmetry
Gauge symmetry

標準理論の根底}

1
2
(1 + γ5)ψ = ψR

1
2
(1− γ5)ψ = ψL

右巻きと左巻きで
違う変換を処すのが
カイラル変換

ψ′
L = e−iβψL ψ′

R = e+iβψR,



ChPT入門(Chiral symmetry)

左巻きやでえ 右巻きやでえ

massは右巻きと
左巻きを混合

γµi∂µψR −mψL = 0
γµi∂µψL −mψR = 0

Dirac eq.



ChPT入門(Chiral symmetry)

massは右巻きと
左巻きを混合

γµi∂µψR −mψL = 0
γµi∂µψL −mψR = 0

Dirac eq.

m = 与えられたパラメータ

ラグランジャン
に加える

Chiral symmetry を保ちながら，
それ自身の真空期待値 　０
が元の場に質量を与える場

!=
？



ChPT入門(Spontaneously symmetry 
breaking)

Chiral symm.が自発的に破れて quark はMassを獲得 

→同時にMass less Pseudo scaler meson が発生
 (Higgs機構ではGauge symm.と絡んでMass less pseudo scaler は出ない)
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が埋め尽くしていて、物質が運動するとそのまわりのクォーク凝縮をかきわけるように進まなくてはならな
い。これが物質の質量を与えているという理論です。この空っぽの真空からクォーク凝縮の詰まった真空への
変化をカイラル対称性の破れ5といいます（図１）。カイラル対称性は、ビッグバン直後の高温の宇宙では破
れていなかったと考えられており、宇宙の温度が下がる過程の相転移により破れたと考えられています。

図１：真空のカイラル対称性（軸方向の対称性）が破れてある一つの方向を選択する様子を表した概念図。
赤丸で示される真空の状態は常に一番底の部分に位置する。左図では、軸の周りに回転しても変化しないが、
右図では軸周りの回転により異なる場所へと移ってしまい、対称性が破れたと言う。

　さて、カイラル対称性の破れによる質量獲得のメカニズムを証明するには、クォーク凝縮を観測すればよい
のですが、クォーク凝縮は粒子という形を伴うものではないので、直接観測可能な量ではありませんが、その
大きさは温度や密度に依存します6（図２）。そこで、加速器で光速近くまで加速した原子核同士を衝突させ
て温度の高い媒質を作り、その媒質中での物質（粒子）の性質を調べるという手法や、原子核を高い密度を持
つ媒質とみたて、その中に素性の良くわかった粒子を導入してその性質の変化を観測するという手法で研究さ
れてきましたが、明確な答えは得られておりません7。

図２：クォーク凝縮の大きさが密度や温度の変化と共に変わる様子。原子核中心密度でも
空っぽの真空（原点の位置）から比べてクォーク凝縮の値が異なる。

自発的対象の破れ
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このモードが
質量を持たないNGB

<qq>=0<qq>=0
Mass less pseudo scaler meson 
=Nambu-Goldston Boson
(NGB)は無限に縮退

http://www.riken.go.jp/r-world/
research/results/2004/040309/

より



Chiral 変換 for ChPT

,

u, d, s flavor symmetry に対する変換

exp

[
i

8∑

i

λiθLi

]
1− γ5

2




u
d
s



 exp

[
i

8∑

i

λiθRi

]
1 + γ5

2




u
d
s





SU(3)L × SU(3)R

SU(3)V × SU(3)A

足したり引いたり

残るsymmetry 壊れるsymmetry



NGB場--低エネルギー展開，摂動
が可能

π, K, ηのpseudo scaler messon がNGB
[これらが m = 0であるのは，(Higgs 機構により) 

u, d, s が質量を持つことによる.]

U = exp

[
i

8∑

i

1
Fπ

λiφi

]

8∑

i

λiφi =
√

2





1√
2
π0 + 1√

6
η8 π+ K+

π− − 1√
2
π0 + 1√

6
η8 K0

K− K̄0 − 2√
6
η8





L2 =
1
4
F 2tr{∂µU∂µU† + 2B0M(U + U†)}

pµpµ/4πF ! 1摂動展開の条件



Why Ke3ee ?

Vertual γ*→e+e- のMee にこの問題はない．

K0

ν

π

e+

-

γ : K-π current の構造を探る
プローブ(殆どが外線のBrems.)

Eγ spectrum にBrems. 以外の
影響を発見できるか？

ν 測定不可能のため K energy に２つの解

γ(q)

qµqµ != 0 によって生きる項が存在．



Ke3ee 物理的背景のまとめ

- ChPT は一義のMCを与える(Tune 不要)

- K-π current は現象論的 form factor で記述

- Ke3ee は Ke3が仮想光子を伴ったモード
- Ke3 は Vus を決めるために使われる

- Ke3 form factorをそのままKe3eeには使えない

- Ke3ee は新たな ChPT (QCD) 検証
- Massive radiationがKe3γにない情報を持つ
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Event selection

1) Four track event  with good Vertex quality 

2) PID (π±e∓e+e-)



PID by E/p

E/p Comparison
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Figure 4.2: E/p comparison between electrons and pions of Ke3 decays. Particles were identified
by transition radiation detectors(TRDs). Electrons have a sharp peak at unity while pions have a
peak around zero with a gentle tail. A small peak at zero for electron was due to pions and muons
misidentified by TRDs.
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Particle ID by TRD
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Backgrounds
KL→π+π - π0D 

(π0→e+e-γ)

One π± fakes e±

KL→π±e+ν π0D 

(π0→e+e-γ)
KL→π±e+ν γ 

(γ→e+e-: external conversion)

KL→π+π - π04e 

(π0→e+e-e+e-)

Important 
π-e rejection !



One more cut to reject KL→π+π - π0D 

(GeV2/c2)

: Data

pp0kine

P//π0

=±√ pp0kine

Pπ0

Pπ+π-

Kaon

Assuming : KL→π+π - π0 

: missing π0 

: MC KL→π+π - π0D

: MC Ke3ee

0.22 * pp0kine
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LO vs. Next to LO(t/Mπ2,min)
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Observed events and estimated BG 
(Normalization mode KL→π+π - π0D) 

without Pν||*2 cut Pν||*2<0.005(GeV2/c2)

Ke3ee(with BG) 19466 evts 14080 evts

 KL→π+π - π0D 356.1 evts 34.3 evts

 KL→π±e+ν π0D 256.0 evts
 evts

88.2 evts

 KL→π±e+ν γ 132.0 evts 84.7 evts

 KL→π+π - π04e 182.2 evts 2.6 evts

 Ξ→Λ π0D 1.7 evts 0.3 evts

 Double Ke3 39.5 evts 29.1 evts

N/S 5.0% 1.7%

BR[Ke3ee] (1.673±0.052)×10-5 (1.663±0.053)×10-5



Statistic 0.84

Systematic

cut variation 0.82

π ineff. (E/p) δ=0.72 0.05

π loss in TRD 
δ=2.91

(2.24,Signal )
(2.58,norm.)

0.59

e ineff.(E/p) δ= 0.39 0.10

Radiative corr. δ= 2.1 0.1

Systematic Total(internal) 1.02

Systematic (external) 2.84

Systematic Total 3.02

Correction and error(%) 
error(%)



Summary

- BR(Ke3ee)=1.673±0.014(stat)±0.051(sys)

- ChPT NLO はさらによく再現

Ke3ee 物理を ChPT によって研究している
- ChPT は Ke3ee event をよく再現

- Me+e- はさらに詳細な構造をみせている？

Preriminary 

×10-5



EKaon < 200 GeV (Both soln.)

95 < Z vertex < 150 m

Vertex χ2 < 125
0.93 < E/p < 1.15 for electron tracks

E/p < 0.9 for pion tracks

TRD probability < 0.06 for electron tracks

Ee±(pair) > 3 GeV

Me+e- > 0.005 GeV/c2

for Ke3ee for pm0d

Mπ±e+e+e- < 0.5 GeV/c2 0.492 < Mpm0 < 0.504 GeV/c2

- 0.127 >Me+e-g> 0.143 GeV/c2

pp0kine < - 0.002 (GeV/c)2 pp0kine > - 0.002 (GeV/c)2

Ee±(Ke3) > 10 GeV -

Eπ± > 10 GeV Eπ± > 8 GeV (for one π±)

Event Selection Pick up π±e+e+e-...ke3ee-

π+π -e+e-..pm0d

-


