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Physics Motivations (SM)
• KL→π0νν̄ 　

• ΔS = 1のFCNC過程における
直接的CPの破れ

• 崩壊分岐比
• A(KL→π0νν) ∝ Vtd*Vts － Vts*Vtd

              = 2 x Vts x Im(Vtd) ∝ η
              ⇒  Br(KL→π0νν) ∝ η2

    : ηの直接測定
• 理論的な不定性が小さい

• Br→η : σ ~1-2%　
• Br(KL→π0νν̄)SM ~ (2.8±0.4)x10-11　

• K中間子のみでユニタリー三角形を作る
• KL, K+ 実験による結果の整合性
• B中間子実験との比較

Vtd

11. CKM quark-mixing matrix 1

11. THE CABIBBO-KOBAYASHI-MASKAWA
QUARK-MIXING MATRIX

Revised January 2004 by F.J. Gilman (Carnegie-Mellon University), K. Kleinknecht and
B. Renk (Johannes-Gutenberg Universität Mainz).

In the Standard Model with SU(2)×U(1) as the gauge group of electroweak interactions,
both the quarks and leptons are assigned to be left-handed doublets and right-handed
singlets. The quark mass eigenstates are not the same as the weak eigenstates, and
the matrix relating these bases was defined for six quarks and given an explicit
parametrization by Kobayashi and Maskawa [1] in 1973. This generalizes the four-quark
case, where the matrix is described by a single parameter, the Cabibbo angle [2].

By convention, the mixing is often expressed in terms of a 3 × 3 unitary matrix V
operating on the charge −e/3 quark mass eigenstates (d, s, and b):




d ′

s ′

b ′



 =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb








d
s
b



 . (11.1)

The values of individual matrix elements can in principle all be determined from
weak decays of the relevant quarks, or, in some cases, from deep inelastic neutrino
scattering. Using the eight tree-level constraints discussed below together with unitarity,
and assuming only three generations, the 90% confidence limits on the magnitude of the
elements of the complete matrix are


0.9739 to 0.9751 0.221 to 0.227 0.0029 to 0.0045
0.221 to 0.227 0.9730 to 0.9744 0.039 to 0.044
0.0048 to 0.014 0.037 to 0.043 0.9990 to 0.9992



 . (11.2)

The ranges shown are for the individual matrix elements. The constraints of unitarity
connect different elements, so choosing a specific value for one element restricts the range
of others.

There are several parametrizations of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
We advocate a “standard” parametrization [3] of V that utilizes angles θ12, θ23, θ13, and
a phase, δ13

V =

(
c12c13 s12c13 s13e−iδ13

−s12c23−c12s23s13eiδ13 c12c23−s12s23s13eiδ13 s23c13
s12s23−c12c23s13eiδ13 −c12s23−s12c23s13eiδ13 c23c13

)

, (11.3)

with cij = cos θij and sij = sin θij for the “generation” labels i, j = 1, 2, 3. This has
distinct advantages of interpretation, for the rotation angles are defined and labeled in
a way which relate to the mixing of two specific generations and if one of these angles
vanishes, so does the mixing between those two generations; in the limit θ23 = θ13 = 0 the
third generation decouples, and the situation reduces to the usual Cabibbo mixing of the
first two generations with θ12 identified as the Cabibbo angle [2]. This parametrization is
exact to all orders, and has four parameters; the real angles θ12, θ23, θ13 can all be made
to lie in the first quadrant by an appropriate redefinition of quark field phases.

The matrix elements in the first row and third column, which have been directly
measured in decay processes, are all of a simple form, and, as c13 is known to deviate from
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unity only in the sixth decimal place, Vud = c12 , Vus = s12 , Vub = s13 e−iδ13 , Vcb = s23 ,
and Vtb = c23 to an excellent approximation. The phase δ13 lies in the range 0 ≤ δ13 < 2π,
with non-zero values breaking CP invariance for the weak interactions. The generalization
to the n generation case contains n(n − 1)/2 angles and (n − 1)(n − 2)/2 phases. Using
tree-level processes as constraints only, the matrix elements in Eq. (11.2) correspond to
values of the sines of the angles of s12 = 0.2243 ± 0.0016, s23 = 0.0413 ± 0.0015, and
s13 = 0.0037 ± 0.0005.

If we use the loop-level processes discussed below as additional constraints, the central
values of the sines of the angles do not change, and the CKM phase, sometimes referred
to as the angle γ = φ3 of the unitarity triangle, is restricted to δ13 = (1.05± 0.24) radians
= 60o ± 14o.

Kobayashi and Maskawa [1] originally chose a parametrization involving the four
angles θ1, θ2, θ3, and δ:

(
d ′

s ′

b ′

)

=

(
c1 −s1c3 −s1s3

s1c2 c1c2c3−s2s3eiδ c1c2s3+s2c3eiδ

s1s2 c1s2c3+c2s3eiδ c1s2s3−c2c3eiδ

)(
d

s

b

)

, (11.4)

where ci = cos θi and si = sin θi for i = 1, 2, 3. In the limit θ2 = θ3 = 0, this reduces
to the usual Cabibbo mixing with θ1 identified (up to a sign) with the Cabibbo angle [2].
Note that in this case Vub and Vtd are real and Vcb complex, illustrating a different
placement of the phase than in the standard parametrization.

An approximation to the standard parametrization proposed by Wolfenstein [4]
emphasizes the hierarchy in the size of the angles, s12 # s23 # s13 . Setting λ ≡ s12 , the
sine of the Cabibbo angle, one expresses the other elements in terms of powers of λ:

V =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4) . (11.5)

with A, ρ, and η real numbers that were intended to be of order unity. This approximate
form is widely used, especially for B-physics, but care must be taken, especially for
CP -violating effects in K-physics, since the phase enters Vcd and Vcs through terms that
are higher order in λ. These higher order terms up to order (λ5) are given in [5].

Another parametrization has been advocated [6] that arises naturally where one builds
models of quark masses in which initially mu = md = 0. With no phases in the third
row or third column, the connection between measurements of CP -violating effects for B
mesons and single CKM parameters is less direct than in the standard parametrization.

Different parametrizations shuffle the placement of phases between particular tree and
loop (e.g., neutral meson mixing) amplitudes. No physics can depend on which of the
above parametrizations (or any other) is used, as long as a single one is used consistently
and care is taken to be sure that no other choice of phases is in conflict.

Our present knowledge of the matrix elements comes from the following sources:
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K+→π+νν

KL→π0νν

⇒ SMの検証からNew Physicsへ (→小松原)



KL→π0νν̄探索実験
• 非常に困難な実験のため
未だイベントは発見されていない
• 分岐比が小さい(~10-11)

• 複雑なバックグラウンド
• 3体崩壊
• 全ての粒子が中性

• 現在の上限値
• Br < 2.1x10-7 (90% C.L.)　

(E391a, PRD 74:051105, 2006)　
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• Step by Step approach　
• KEK-PS E391a　

: KL→π0νν̄に特化した世界初の実験
• 実験方法の確立
• O(10-9) での測定

• J-PARC K (E14)　
• Step-1: 8x10-12, 初イベント観測
• Step-2: ~10-13,  精密測定

• goal:  400events　
→Δη/η～2.5% (LHC-Bと同等)



• 11 institutes, ~50 members

• Dept. of Physics, Saga Univ.

• Dept. of Physics, Pusan National Univ. 

• Joint Institute for Nuclear Research

• Dept. of Physics, National Taiwan Univ.

• Dept. of Physics, Osaka Univ.

• High Energy Accelerator Research Organization (KEK)

• Enrico Fermi Institute, Univ. of Chicago

• National Defense Academy

• Research Center for Nuclear Physics, Osaka Univ. 

• Dept. of Physics, Kyoto Univ.

• Dept. of Physics, Yamagata Univ.

The E391a collaboration



E391a の実験原理

               ↓
(2) M2γ = Mπ0 であることを仮定して
   ビーム軸上の崩壊位置を計算する

KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

P
T

Z
vertex

signal region

               ↓
(3) 横方向運動量(Pt)と
    崩壊位置がある領域に
    入っていることを要求する
 

• π0が崩壊してできた2つのγと
「他には何も粒子がない」ことを要求する

(1)  γのエネルギーと
位置を測定する



Charged Veto (CV)

E391a 検出器
CsI calorimeter

Main Barrel (MB)Front Barrel (FB)

KL



E391a実験の特徴
• “Pencil” ビームライン

• ビームサイズ:  2 mrad half cone

• 直径 8cm at CsI (ターゲットから16m)
     ⇒ π0 Pt の分解能を向上させる

• “Hermetic” veto system　
• KL→2π0　等のバックグラウンドを排除

• 真空システム
• 残留ガスとビーム粒子との反応による
π0 の生成を抑える
• 検出器全体: 0.1 Pa　
• 崩壊領域: 10-5 Pa　

• これらは “membrane” によって隔てられている
High vacuum 
      ~10-5Pa

Membrane
(0.2 mm, CH2, 1g/cm3)
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Physics Runs
• Run-I : Feb. 2004 - Jul. 2004（坂下）

• new result published　
with 1week(10%) data (PRD 74:051105, 2006)　

• Run-II : Feb. 2005 - Apr. 2005（隅田）
• using full sample to check data　
• analysis of 1/3 data to study backgrounds　
　

• Run-III : Nov. 2005 - Dec. 2005（森井）
• Data quality check
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Result from Run-I 1week

• 10% のデータを用いた
• 基本的な解析方法を確立
• バックグラウンド排除のため
非常に厳しいカットが必要
• 結果, シグナル領域にイベント無し
• 新しい上限値 Br < 2.1x10-7(90%C.L.)　
を得た

• published in PRD 74:051105, 2006



Problem in RunI
Neutron backgrounds(1) : core neutron

• Problem : The membrane was partially hanging in the beam. Neutron in the 

beam hitting the membrane produced secondary particles (z=550cm)

• Three background sources

• single pi0 event

• multiple pi0 event

• eta event

a photo of the membrane
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CV

Neutron

γ

γ

π
0

z=550cm

γ

γ

π
0

γ

γ

π
0

γ

γ

π
0

detected

detected

single pi0 event multiple pi0 event

2 gamma from single pi0

2 gamma from multiple pi0

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

200 250 300 350 400 450 500 550 600

ID             100

ENTRIES            2224

  0.00   0.00   0.00

  6.00  0.222E+04   3.00

  0.00   0.00   0.00

z(cm)

 p
t(

G
eV

/c
)

Z(cm)

P
t(

G
e
V

/
c
)

multiple pi0 event

single pi0 event

Core-n MC



RunII における改善

• membrane を早速直した
• core neutron に対するカットを緩和
⇒シグナルアクセプタンス: 約3倍改善



RunII における改善(cont’d)
• Be absorber 

• number of KL : 0.57
• Trigger rate: 600Hz→250Hz

• DAQ live ratio: 0.72→0.89
• accidental loss in photon veto

• except BA: 0.52 / 0.42
• 0.94 / 0.85 : BA

• 結果: sensitivity はRun-Iと同条件でも変わらない
• 中性子バックグラウンドは軽減される

• interaction length for KL, n: λ(K) / λ(n) = 1.7

• その他
• ビームカウンターの追加(CC00)

• ビーム中の荷電粒子検出器
• Multihit TDC　
• データ転送
• エレクトロニクス
• etc.



バックグラウンド
• Run-II における主なもの

• KL→2π0→4γ (Br~10-3) 崩壊において
2γ を失ったもの

• ビーム周りの中性子(Halo Neutrons) 

によるもの

halo neutron

signal region

Pt

Z

signal region

halo-n

KL→2π0

KL→2γ



KL の再構成
• Full Data を用いて KL の数を測定する

• KL→3π0, KL→2π0 : 0.47 < m < 0.53 (GeV/c2)　
• KL→2γ : Pt2 < 0.001, acop. angle < 10 deg.　
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 # of rec.
with data

acceptance branching
fraction

# of KL decay

KL→3π0 307165 4.32x10-4 0.1956 (4.45±0.03)x109

KL→2π0 8378.0 2.24x10-3 8.69x10-4 (5.21±0.07)x109

KL→2γ 7503 2.25x10-4 5.48x10-4 (5.17±0.08)x109

      ~10%で一致

k2pi0



4γ イベントによる
veto 検出器の評価

• 4γの invariant mass を再構成
• 2π0 のピーク
• 3π0 のバックグラウンド
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● data
– k2pi0
– k3pi0

4γ invariant mass– k3pi0

⇒ γ inefficency を正しく再現できている 



KL→π0π0 Background

• MC での見積り
• 統計量: Run-II 1/3 データの36 倍
• 結果: <0.03 events
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Final Plot

• “blind “analysis　

• Halo neutron バックグラウンド
• 上流: CC02 (~270cm)

• 下流: CV     (~560cm)

• 300-500 cm の領域はクリア
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)
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□signal region
□blind box
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Halon neutron BG
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• ビームラインシミュレーションを行い、
collimator で生成された Halo neutron を用いる

• MCサンプルの統計
• Run-II 1/3 data の 1/1.76

• BG events　
• “CC02” events ~ 270　

• 148±18 (data: 149) 　
• “CV” event ~ 560　

• 112±15 (data: 119)　

• Background estimation　
• data による event の広がりから
シグナル領域への contamination を見積る
• NBG ~ 0.5　

• signal box を右へずらして
S/N の最大を取る 

(10%程度の acceptance loss)

●data
－MC
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Single Event Sensitivity

• Signal acceptance estimation　
• KL→π0νν̄ signal MC で行う
• A = 1.64 x 10-2 　

• Number of KL　
• NKL = 5.21 x 109　

• Expected Single Event Sensitivity　
  w/ full data in Run-II　
• SES = 1 / (1.64x10-2 * 5.28 x109)　

      = 1.17 x 10-8
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まとめ
• KL→π0νν̄ 探索実験

• ηの直接測定
• SMの検証のため重要

• New Physics に感度がある

• KEK-PS E391a　
• 世界初の KL→π0νν̄ 探索専用実験
• 3回の物理ランを行った

• Run-I:  1week(10%) data の解析が完了→ published 　
• Run-II:　

• 成功裡に実験が終了
• 1/3 dataによる preliminary result

• KL→2π0 background BG を抑えた
• Halo neutron BG について理解が進んだ
• SES =  1.17x10-8

• 今後
• Halo neutron BG についての study

• シグナルBOX  のoptimization

• 他の KL BG についてチェック
• Run-III data の解析

最終的な感度: < 5x10-9 を目指す
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CKM fit
Introduction: why are we (still) interested in rare K decays?

The information coming form rare K decays is a key element 
to understand the flavour structure of physics beyond the SM

 G. Isidori –  Rare K decays within & beyond the SM         KEKTC6 – Feb 2007

Neither to measure again CKM matrix 
elements [already well determined from 
other processes] 

Nor to find direct evidences of new particles 
[very likely that there are new particles in 
additions to the SM ones, but they are naturally 
around or a above the TeV scale]



KL→π0νν̄ beyond the SM
• ex.1) Minimal Flavor Violation　

• non-trivial  Yukawa coupling　
• up-squark in the loop

• ex.2) Charged Higgs mediated decay　
• flavor symmetry breaking　

at TeV scale
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HU

ŨL

sR

ν
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t
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Figure 1: Left: leading contribution to the effective Ū i
LDj

RH+ coupling in Eq. (9).
Right: irreducible one-loop diagrams contributing to the K → πνν̄ amplitude in Eq. (12).

and the δ’s are defined as in [14]. Following standard notations, we have used

εi = −
2αs

3π

µ

M̃g

H2

(

xd
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g, xd
L

g

)

− δi3
y2

t At

16π2µ
H2(xu

R
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L
µ) ,

εRR =
2αs

3π
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xd
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gH3
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g, xd
R

g

)

, εLR =
2αs

3π
xd

RL
gH2

(

xd
R

g, xd
L
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)

(11)

with xq
K

g = M̃2
q
K
/M̃2

g and xq
KS

g =
√

M̃2
q
K

M̃2
q
S
/M̃2

g . The explicit expressions of the Hi

one-loop functions, normalized by H2(1, 1) = −1/2 and H3(1, 1, 1) = 1/6, can be found
for instance in Ref. [16].

As anticipated, the effective Lagrangian (9) contains effective couplings not suppressed
by the factor mdj

(which in our case corresponds to md or ms). Since vacuum-stability
arguments force

(

δd
RL

)

ji
to be proportional to mdj

[19], only the right-right (RR) mixing

terms can effectively overcome this strong suppression. Evaluating the charged-Higgs/top-
quark contributions to the K → πνν̄ amplitude using this effective Lagrangian (see Fig. 1),
and retaining only the leading terms, we find

(

XH±

eff

)

R
=

[

(δd
RR)31(δd

RR)32

λt

](

m2
b tan2 β

2M2
W

)

ε2
RR tan2 β

(1 + εi tan β)4
fH(ytH)

+

[

(δd
RR)31

Vtd

](

msmb tan2 β

2M2
W

)

εRR tan β

(1 + εi tan β)3
fH(ytH) , (12)

which is the main result of the present paper.
As can be noted, the first term on the r.h.s. of Eq. (12), which would appear only at

the three-loop level in a standard loop expansion2 can be largely enhanced by the tan4 β
factor and does not contain any suppression due to light quark masses. Similarly to the

2 We denote by standard loop expansion the one performed without diagonalizing the effective one-
loop Yukawa interaction: as shown in Ref. [12], the diagonalization of the quark mass terms is a key
ingredient to re-sum to all orders the large tanβ corrections.
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Main distinctive features K !"π νν amplitudes [wide literature] :

Gluino-type amplitudes essentially negligible, even in presence of new 
sources of flavour mixing [contrary to εK

 , B ! Xs γ ,  ∆MBd , CPV in B decays]     
⇒ reduced sensitivity to LL, RR and LR-down type mixings

Appreciable deviations from SM induced only by chargino -- up-squark 
diagrams 

 sL                         dL   
 
  

Z
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(AU YU)ij QL
i UR

j 
 φ#soft

   ⊂

(AY)*
ts 

 AYtd 
  

〈 φ+〉 〈 φ 〉 

N.B.: The LR mixing in the up sector contains at least 
   one large source of flavour symmetry breaking (yt)

K !"π νν  decays are the best probe of the 
flavour structure of the up-type trilinear terms

which are still largely unknown:

 G. Isidori –  Rare K decays within & beyond the SM         KEKTC6 – Feb 2007

Anatomy of K → π  νν within low-energy SUSY

~ ~

このような New Physics による反応が
崩壊幅を増やす可能性がある



New Phsics

Other interesting and peculiar aspects of rare K decays arise in more specific 
corners of the MSSM parameter-space 

E.g.: RR Higgs-mediated Z penguins at large tanβ
Paradisi & G.I. '06

 sR                         dR   
 
  

Z

H+

Effective one-loop couplings 
(non decoupling in the limit 

of large SUSY masses)

 t

 ∼ yb (δRR)3i !loop (tanβ) 2     

 (tanβ) 4  − contribution to the decay amplitude  

If tanβ ∼ 50 sizable corrections to the BR's even for  (δRR)31(δRR)32 = O(λ5)

 G. Isidori –  Rare K decays within & beyond the SM         KEKTC6 – Feb 2007

     

      

εΚ
 ΑCP(Bd ! ψΚ)  

At fixed magnitude of the A terms,  there is a larger room for deviations from the SM in the 
CPV observables ⇒ great interest of KL! π0νν 

Γ S
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Main distinctive features K !"π νν amplitudes [wide literature] :

Gluino-type amplitudes essentially negligible, even in presence of new 
sources of flavour mixing [contrary to εK

 , B ! Xs γ ,  ∆MBd , CPV in B decays]     
⇒ reduced sensitivity to LL, RR and LR-down type mixings

Appreciable deviations from SM induced only by chargino -- up-squark 
diagrams 
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N.B.: The LR mixing in the up sector contains at least 
   one large source of flavour symmetry breaking (yt)

K !"π νν  decays are the best probe of the 
flavour structure of the up-type trilinear terms

which are still largely unknown:
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Anatomy of K → π  νν within low-energy SUSY
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E391a beamline



π0 reconstruction
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Halo neutron MC

• Method

• target simulation

• 12GeV proton on target

• beamline simulation

• inject particles from target

into collimator

collect neutrons

which hit the detector

• detector simulation

• inject halo neutrons

24 CHAPTER 3. APPARATUS AND RUN
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Figure 3.2: Plan view of the neutral beam line. The neutral beam line consists of a pair of
sweeping magnets, and six sets of collimators (C1 – C6).
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Figure 3.3: Beam profiles at the exit of
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Figure 3.4: KL momentum distribution at
the exit of the beam line (C6) obtained by
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Halo neutron MC(2)

• Halo neutron generation

• parameters

• p, R, θ, ΦR, ΔΦ
• use halon seed from the beamline simulation

• w/ different random seed

• uniform Φ distribution

• add small fluctuation

• p: 2%,  r: 1%, θ:1%, ΔΦ: 0.1%
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RunI, II の直接比較
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□Run-I
●Run-II



BG estimation
• CC02

• taking ratio: #(w/) / #(w/o)

• multiply the ratio to the number
of the events in the box

• S/N doesn’t make peak 220 240 260 280 300 320 340
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gamma, pi0 Cuts

• gamma E1 > 250MeV,  E2> 150MeV

• cluster size >= 3

• crystal size >=5

• Energy ratio > 0.88

• TDI < 3.0

• RMS < 5.2,  RMS-sum < 9.5

• Energy balance < 0.75

• gamma distance > 15cm

• gamma position > 15cm

• fusion NN > 0.7

• Δtheta = > - 20

photon veto Cuts

• FB:  1.0MeV

• CC02: 2.4MeV

• MB: inner 1.0, outer 0.5 MeV

• Outer CV 0.3MeV

• Inner CV 0.7MeV

• CsI single crystal

• 2.0 MeV for d>17cm

• 20MeV for d<17cm

• Sandwich 2.0MeV

• CC03 6.0MeV

• CC04 sci 0.7MeV

• CC04 cal 1.0MeV

• CC05 sci 0.7MeV

• CC05 cal 3.0MeV

• BA (sci 20MeV) 

• && (qtz 0.5MIPs)

• BCV 0.5MeV

• CC06 10MeV

• CC07 10MeV

• BHCV 0.1MeV

• CC00 2.0 MeV

32



Gamma selection cuts
• Energy cuts

• Shape cuts
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Acceptance

• Signal acceptance for KL→π0νν
• calculated with MC

• decaying at the fiducial

• acceptance: 1.93 %

• Accidental loss

• estimated with data

taken with a trigger by Target Monitor

• total accidental loss: 15.5% (.845 acceptance)

• Total acceptance

• A = 1.93 x 0.845

   = 1.64 %
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Detector Upgrade
• E391a

• E14



Detector Upgrade(cont’d)

• CsI　 

• 7cm → 2.5cm , 5cm(KTeV実験)

• エネルギー分解能の向上
• 2つのγが近くでhitしたときに
それを一つだと思ってしまう
現象(fusion) を排除できる

• 読み出し回路エレクトロニクスの開発
• 125MHz  FADC w/ 7 pole Bessel filter　

• 検出器開発
• ビームホール光子検出器
• ビームホール荷電粒子検出器
• ”カラー”中性子検出器の開発
• CsI結晶 の性能テスト
• 荷電粒子 veto 用 straw chamber の開発


