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KL → π0νν•                   　崩壊の 分岐比 を測定して

標準模型を超える物理の フレーバー構造 を探索する。

• CP 対称性を破る ⇨ クォークフレーバー混合の 複素位相
　　　　　　　　　　　宇宙の「物質・反物質の非対称」の起源 

2.57 (37) (4) × 10−11

中性K中間子の稀崩壊実験：物理の目的

Fig. 1: Leading-order electroweak diagrams contributing toK → πνν̄ in the SM.

2 THE GOLDENMODES:KL → π0νν̄ ANDK+ → π+νν̄

G. Buchalla, T. Hurth

The decay modes K → πνν̄ are flavour-changing neutral current transitions, which are induced in the
SM at one-loop order through the diagrams shown in Fig. 1.

The rare decay KL → π0νν̄ is one of the most attractive processes to study the physics of flavour.
In particular, KL → π0νν̄ is a manifestation of large direct CP violation in the SM. A small effect

from indirect CP violation related to the kaon ε parameter contributes less than ∼ 1% to the branching

ratio, and is therefore negligible. In addition , KL → π0νν̄ can be calculated as a function of funda-
mental SM parameters with exceptionally small theoretical error. The main reasons are the hard GIM

suppression of long-distance contributions [18, 19], and the semileptonic character, which allows us to

extract the hadronic matrix element 〈π0|(s̄d)V |K0〉 from K+ → π0eν decay using isospin symmetry.
As a consequence, the KL → π0νν̄ amplitude is based on a purely short-distance-dominated flavour-
changing neutral current matrix element, which is reliably calculable in perturbation theory. The CP

properties help to improve further the theoretical accuracy, rendering even the charm contribution com-

pletely negligible, so that the clean top contribution fully dominates the decay. Next-to-leading QCD

effects have been calculated and reduce the leading-order scale ambiguity of ∼ ±10% to an essentially

negligible ∼ ±1% [20]. Isospin-breaking corrections in the extraction of the matrix element have also

been evaluated, and lead to an overall reduction of the branching ratio by 5.6% [21]. Uncertainties from

higher-order electroweak corrections are likewise at the level of a percent [22]. In total, the theoreti-

cal uncertainty in KL → π0νν̄ is below 3%. Consequently, on the order of a 1000 background-free
events could still be used without being limited by theoretical uncertainties. The theoretically very clean

relationship between theKL → π0νν̄ branching fraction and fundamental SM parameters reads

B(KL → π0νν̄) = 1.80 × 10−10
(

Imλt

λ5
X(xt)

)2

= 4.16 × 10−10 η2A4
(

m̄t(mt)

167GeV

)2.30

(1)

Here λt ≡ V ∗
tsVtd; λ = 0.22, A ≡ Vcb/λ2 and η are Wolfenstein parameters of the CKM matrix, and

X(xt) is a function of the top-quark MS-mass m̄t(mt): xt ≡ (m̄t(mt)/MW )2.

The CP-conserving modeK+ → π+νν̄ is also of great interest, being sensitive to |Vtd|. Compared
to the neutral channel, K+ → π+νν̄ has a slightly larger theoretical uncertainty, which is due to the
charm contribution that is non-negligible in this case. Explicit expressions can be found in the third

reference of [20].

The study of K → πνν̄ can give crucial information for testing the CKM picture of flavour

mixing. This information is complementary to the results expected from B physics and is much needed

to provide the overdetermination of the unitarity triangle necessary for a decisive test. Let us briefly

illustrate some specific opportunities.

The quantity B(KL → π0νν̄) offers probably the best accuracy in determining |ImV ∗
tsVtd| or,

equivalently, the Jarlskog parameter JCP = Im(V ∗
tsVtdVusV ∗

ud), the invariant measure of CP violation
in the SM. The prospects here are even better than for B physics at the LHC [23]. For example, a 10%
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Fig. 3: Schematic determination of the unitarity triangle vertex (!, η) from the B system (horizontally hatched) and from

K → πνν̄ (vertically hatched). Both determinations can be performed with small theoretical uncertainty and any discrepancy

between them would indicate new physics, as illustrated in this hypothetical example.

Fig. 4: Typical contributions toK → πνν̄ in supersymmetry with the exchange of squarks and gauginos.

effects in supersymmetric models [27] are induced through box and penguin diagrams with new internal

particles such as charged Higgs or charginos and stops, as seen in Fig. 4, replacing theW boson and the

up-type quark of the SM shown in Fig. 1. In the so-called ‘constrained’ minimal supersymmetric standard

model (MSSM), where all flavour-changing effects are induced by contributions proportional to the CKM

mixing angles, the ‘golden relation’ (4) is valid. Therefore the measurement of B(KL → π0νν̄) and
B(K+ → π+νν̄) still directly determines the angle β and a significant violation of (4) would rule out
this model (a recent general discussion of models with minimal flavour violation can be found in [28]).

Given the present experimental status of supersymmetry, however, a model-independent analysis

including also flavour mixing via the squark mass matrices is more suitable. The new sources of flavour

violation can then be parametrized by the so-called mass-insertion approximation, in an expansion of

the squark mass matrices around their diagonals. It turns out that supersymmtric contributions in this

more general setting, also called the ‘unconstrained’ MSSM, allow for a significant violation of, for

example, relation (4). An enhancement of the branching ratios by an order of magnitude for KL →
π0νν̄ and by about a factor of three for K+ → π+νν̄ relative to the SM expectations is possible,

mostly due to the chargino-induced Z-penguin contribution [29]. Recent analyses [29, 30, 31] within
the unconstrained MSSM focused on the correlation of rare decays and ε′/ε, the parameter of direct CP

6

ASM(s→ dνν̄) =
�

q=u,c,t

V ∗
qsVqd Xq

SM ∝
m2

t

M2
W

(λ5 + iλ5) +
m2

c

M2
W

ln
mc

MW
λ +

Λ2

M2
W

λ

• V!A current is conserved: 

large logarithms appear 

only in charm sector

Qν = (s̄LγµdL)(ν̄Lγµν̄L)3%

29%
68%

+3%

 +29%
+68%

top charm up

Warm-up: basic facts about s!d""

[標準模型]
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 G. Isidori –  Summary of WG6: CKM fits & NP             CKM 2006

LHC

...and the collective effort toward 
flavour physics will be rewarded !

Rare K decays

Rare B decays

CPV in the Bs
system

Super CKM 
fits

Precision tests 
in B & K 

semilept. decays

LFV in µ & ! 

decays

EDMs

g-2

New physics is there !!

We know it for sure, at least from neutrino physics & dark matter [" Masiero]

      What we don't know yet are     

energy scale & flavour strucutre of NP

we should not be 
pessimistic...

LHC will find NP @ TeV !
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• KEKPSのE391a測定器　を移設し改造

• カロリメータ　(終状態　　　　　を測る)
 

•                    以外のextra粒子の検出

• トリガー/DAQを強化：
各検出器の出力の　波形　を高速読み出し　　　　　

π0 → γγ

K
0
L

γ

γ

NCC

J-PARC での 最初の K崩壊実験

So, ...
• KOTO

• Piano

• Papionn

• Pi+KL

KO
s

d

T!
!

PIAn NOthino

poco  a   poco

Fermilabの
KTeV CsI結晶
2700本

大阪大、京都大、佐賀大、山形大、防大　+　KEK　+　 米、韓、台、露　による
国際共同実験（65名の研究者が参加）

π0 → γγ
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So, ...
• KOTO

• Piano

• Papionn

• Pi+KL

KO
s

d

T!
!

PIAn NOthino

poco  a   poco

ホール南側に新しいKLビームラインを建設し
中性K中間子ビームの生成を確認（2009年度）

 

2011年2月実験エリアを構築して
カロリメータを建設（2010年度）

南

K0
L → π0π0π0

Fig. 7.   A missing mass spectrum corresponding to the − hyperon observed by 
the SKS spectrometer at J-PARC.

Fig. 8.   An invariant mass spectrum observed at the neutral 
beam line at the Hadron Hall of J-PARC.

The proton beam was also delivered to the hadron 
hall mainly for the researches with the kaon beams.  The 
tuning of charged kaon beam lines, K1.8 and K1.8BR, 
and experimental facilities are underway.  At the K1.8 
beam line, we have a high resolution spectrometer, SKS, 
whose superb momentum resolution is demonstrated by 
the measured missing mass spectrum of the H( ,K+)  
reaction corresponding to the  hyperon, 1.7 MeV/c2 
(FWHM: Full Width at Half Maximum) as shown in Fig. 7.  

The SKS spectrometer will be used for the study of de-
tailed properties of hyper-nuclei.  The K1.8BR will be 
mainly used for the studies such as the kaonic atoms 
and kaon-nucleus bound states.

The construction of a new beam line for the neutral 
kaon experiment has been also started.  It was attempt-
ed to measure the neutral kaon beam flux.  Neutral ka-
ons were observed by detecting charged s and s from 
their decays as shown in Fig. 8.
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 7/20

PMT

クッキー

permalloy管

フック

<数mm

結晶とPMTsに
損傷がないことを
確認

2011年度
(震災の後)

spectrometer

spectrometer

荷電粒子検出器(CV)

測定器建設を再開
ビームライン機器の再測量

2012年1月末

加速器運転が再開したら
　- ビームを確認

　- エンジニアリングランを続行

 7/20

CsI

揺れ への対応
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2013年夏[Linac増強、長期シャットダウン]　までのデータで　
最初の物理成果を出す　ためのプラン

• 夏までに: 上流部を設置
　　ビーム回りのハロー中性子を測定

    ----- [ 約半年かけてバレル部の建設と真空の設置 ] -----

冬：測定器全体のエンジニアリング
    ----- [ break ] -----

• 春：コミッショニングと物理ランの試行
　　　　E391a実験（今のworld record）を超える

• 5月後半~6月　に　一ヶ月+α：　calibration　と　物理データ収集
　　新しい物理の探索（ 　　　　　　　　）を始める

真空容器
ハロー中性子
検出器(NCC)

上流部
キャップ

真空容器
ハロー中性子
検出器(NCC)

上流部
キャップ

2012年度

2013年度

< 1.46× 10−9

112011年8月9日火曜日



KL → π0νν “3σ” discovery

PoT

Br
an
ch
in
g 
Ra
tio Grossman-Nir limit

Standard Model

1.46× 10−9

真空容器
CCO2

CCO3
CCO4

CCO5
前置バレル

主バレル

CsI-カロリーメーター

CP変換

反陽子

標準模型

新しいCP対称性の破れ

陽子

ハドロン実験施設　̶そこから始まる新しいサイエンス̶

CP対称性の破れをみる
　̶小林・益川理論の検証̶

なぜ反物質は存在しないのか？
自然界では、反粒子から作られる反物質はほとんど存在しません。このような
非対称性を“CP対称性が破れている”といいます。なぜこのような非対称が生
まれたのでしょうか？

小林・益川の理論
小林・益川両博士は、クォークは２種類で１つの世代を作り、この世代が３つあ
ることを予言しました。この場合CP対称性が破れることが自然に説明できます。

粒子の崩壊事象や崩壊確率を測定することで、どの程度CP対称性が破れている
のかを調べることができます。理論が正しいのか、あるいは標準理論では説明
できない現象があるのか、それを明らかにするための実験の一つにＫ中間子稀
崩壊実験があります。

中性K中間子の稀崩壊探索実験
この実験では、長寿命の中性Ｋ中間子（KL

0）が中性のπ中間子（π0）、ニュー
トリノ（ν）および反ニュートリノ（ν̅）へ崩壊する様子をとらえます。もし、
標準理論には現れない超対称粒子などが存在すれば、その影響が現れる可能性
があります。 

稀な崩壊事象をとらえる
この現象は、予測される崩壊の確率が数百億分の１と、非常に稀にしか起こり
ません。J-PARCでは世界最高強度の陽子ビームを供給することができるため、
多量の中性K中間子ビームを作ることが出来ます。過去に高エネルギー加速器
研究機構の陽子シンクロトロンで行われた実験では数千万分の１の崩壊確率が
測定できるところまで迫りましたが、J-PARCではその千倍以上の感度を達成し
ようとしています。ここで初めて稀な事象をとらえることが期待されています。 

設計パワー　(290 kW)

2013年度までの目標 

(ハドロン実験施設初期)

Grossman-Nir bound

プロポーザル

2009年に実測した KL のflux はプロポーザルの 2.3 倍
1.83× 107 / 200Tp

Grossman-Nir bound

3 Snowmass years
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SX power upgrade plan (mid-term)

2011.12-2012.6:  Recovery of the operation in the autumn 2010. 
2012 summer:  Installation of Ti chambers in the SMS section. 
2013 summer:  Installation of  ESS with Ti chambers.

User operation Accelerator study User operation Accelerator study

2010.10-2011.6 5 kW 10 kW

2011.7－9（shutdown） SX collimators 2011.6-11(shutdown) SX collimators

2011.10-2012.6 10 kW 50 kW 2011.12-2012.6 3 kW 5 kW

2012.7-2013.1（shutdown） Li 400 MeV/Ti chambers (ESS,SMS) 2012.7-2012.9（shutdown） Ti chambers (SMS)

2013.2-2013. 6 10 kW 50 kW 2012.10-2013. 6 10 kW 50 kW

2013. 7-9 (shutdown) Li 50 mA 2013. 7-2014. 1 (shutdown) Li 400MeV/50 mA, Ti chambers (ESS)

2013. 10-2014. 6 50 kW 100 kW 2014. 2-2014. 6 50 kW 100 kW

2014.7 - 9(shutdown) 2014.7 - 9(shutdown)

2014. 10- 100 kW 2014. 10- 100 kW

Plan made before the earthquake Plan made after the earthquake

加速器チームが目指す
SXのビームパワー

PAC (2011.July) での加速器（小関さん）のスライドから

132011年8月9日火曜日
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Power for accelerator study
Power for Users operation

before the earthquake
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Power for accelerator study
Power for Users operation

after the earthquake

今

KEKPSの
パワー

BNL-AGSの
パワー

ハドロン実験施設　最初の五年間

必要な測定器増強を行いながら
長期ランでデータをためる

（現行のKEKロードマップの五年間でもある）
152011年8月9日火曜日



遅い取り出しビームの時間構造

• MR電磁石電源の更新→安定化による抜本的な解決
　電源のripple を　2x10-6  or less　に押さえ込む

AGS in 2002
22GeV, 40kW

KEKPS in 2005
12GeV,  1kW

Time structure of extracted beam with feedback/coil short

Duty=17.1 % 

Frequency [Hz]

3 kW extraction 

The setting for users operation 
in the 2010 autumn run

不規則なスパイク
　　は深刻な問題
　　（“未知との遭遇”）

これまでの陽子加速器

162011年8月9日火曜日



TREK実験
• K1.1BRビームライン(2010年度) 

0.8GeV/c → 静止 K+ 崩壊

• トロイダルスペクトロメータ
(KEKPSのE246測定器)を移設

• 測定器の改造： 

- トラッキング：GEM

- ミュオンの偏極測定：
　　activeなPolarimeter

Superconducting toroidal magnet

K1.1BR

from the in-flight decay of an unseparated 4 GeV=c K!

beam. From a data sample of 21" 106 events, they de-
duced Im! # $0:016% 0:025, consistent with T invari-
ance. These results are summarized in Table I.

III. EXPERIMENT

A. Overview of the apparatus

The present experiment was performed using a toroidal
spectrometer setup in conjunction with a stopped K! beam
at the low momentum separated kaon beam line K5 in the
North Experimental Hall of the KEK 12-GeV proton syn-
chrotron. The spectrometer comprised an iron-core super-
conducting toroidal magnet with 12 gaps [43]. The setup is
shown in Fig. 3. The K! were stopped in an active target
located at the center of the magnet. K"3 decays were
identified by detecting a #0 with a CsI(Tl) barrel surround-
ing the target, a muon with a charged particle tracking
system consisting of chambers, C2, C3, and C4, and the
target and ring fibers (target/ring) together with particle
identification by means of time-of-flight (TOF). This ar-
rangement enabled a measurement of the decay pions
ranging over all directions covering all regions of the
decay phase space for a given "! momentum. As de-
scribed next, this scheme allowed a ‘‘double ratio’’ mea-
surement and, thus, a number of systematic errors could be
suppressed.

The CsI(Tl) barrel had 12 holes to admit charged parti-
cles into the magnet gaps. Since the barrel does not cover
the full 4# solid angle, not all events had the two photons
from #0 decay detected. However, one photon with rela-
tively large energy could also be used to determine the #0

momentum. Muons were bent by about 90 deg, momentum
analyzed, and then they entered the muon polarimeter.

After passing through a polarimeter trigger counter, and
being momentum-degraded by a wedge-shaped Cu plate,
the muons were stopped in an array of pure Al plates.

The muon polarization was measured by means of the
decay positron asymmetry. When #0s are detected in the
forward (fwd) or backward (bwd) directions relative to
the beam axis, the transverse component PT lies in the
azimuthal directions in each stopper clockwise (cw) or
counterclockwise (ccw), respectively, as an azimuthal po-
larization (Fig. 4). Thus, the magnitude of the transverse
polarization PT & ~$" ' ~p#0 " ~p"! can be measured as the
azimuthal asymmetry of positron emission, namely, a cw
and ccw emission rate difference.

B. Stopped beam method

A distinct feature of the present experiment was the
adoption of the stopped beam method in contrast to the
previous BNL experiments. There are several advantages
to the stopped beam in the present high-precision experi-
ment, although with low-momentum beams the number of
stopped kaons is, in general, lower. The conceptual merits
of the present setup can be summarized as follows.

(a) Full kinematic determination with high resolution.—
When both photons from #0 decay are measured allowing
a reconstruction of the #0, the measurement of the "!

together with the confirmation of the kaon stopping posi-
tion completes the decay kinematics with ~pK! , ~p#0 , and
~p"! , which can be checked with the missing mass corre-
sponding to the neutrino mass. The low photon energy and
muon momentum in the kaon center-of-mass system have
shorter ranges and thus are easily detected and analyzed.
The high angular resolution over 4# directions assures
high decay kinematic resolution, thus the photon calorime-
try becomes very relevant in the final resolution.

C3
C4

CsI (Tl)

Polarimeter

(a)   (b)

Gap

 counter

stopper
Iron pole

Coil

Target

CsI (Tl)

µ+

K+

e+

µ+

C-Counter

Pb

C2

Target/Ring

0 0.5 1m

TOF2

v

Quad

r

z
φ

µ+

e

     Pol-Trig
     

 e   counter
         (ccw)

 µ  stopper

  e  counter
        (cw)

Shim

z

B

Shim

y

r

+

+

Cu degrader

counter

FIG. 3. Experimental setup: (a) cross section side view, (b) end view, and (c) schematic view of one sector of the polarimeter. For
details see [26].

SEARCH FOR T-VIOLATING TRANSVERSE MUON . . . PHYSICAL REVIEW D 73, 072005 (2006)

072005-5

15

Active muon polarimeter

! Most essential part of the TREK experiment

Polarimeter = Drift chamber with stoppers

                    + Muon field magnet (0.03 T)

南
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TREK実験
• E06    プロポーザル： 290kW, 1 Snowmass year

• P36    プロポーザル：  30kW, 3/4 Snowmass year

T-odd

s

l
~

e+

~

13

B
~+K

u

H+
(Slepton)

(Sneutrino)

(Bino)
(Higgs)

SUSY  LFV ループ
RK =

Σi Γ(K → eνi)
Σi Γ(K → µνi)

� ΓSM (K → eνe) + Γ(K → eντ )
ΓSM (K → µνµ)

Measurement of the
Γ(K+ → e+ν)/Γ(K+ → µ+ν)
ratio

1 Physics Motivation of the Γ(K+ → e+ν)/Γ(K+ →
µ+ν) measurement

1.1 K+ → l+νl decay and lepton universality

High precision electroweak tests represent a powerful tool to prove the Standard
Model (SM) and to obtain indirect hints of new physics. The K+ → l+νl decay
(Kl2), which is the simplest semileptonic decay among the K+ decay channels, is one
of the best channels to perform such tests. Lepton universality, which is expressed as
the identical coupling constant of the three lepton generations —the electron, muon,
and tau— is a basic assumption in the SM. Violation of lepton universality clearly
indicates the existence of other physics beyond the SM.

The matrix element of Kl2 decays can be described to be

M = gl
G√
2
qλf(q2)[ulγλ(1 − γ5)uν ] (1)

= gl
G√
2
fKmlul(1 − γ5)uν , (2)

where gl is the coupling constant for the lepton current and ge/gµ should be unity
under the assumption of lepton universality. f(q2) is the hadronic form factor as a
function of momentum transfer squared (q2) which is the only Lorentz scalar that
can be formed from q. However, in the present case, q2 = m2

K and f(m2
K) = fK is a

constant. The Kl2 decay diagrams are shown in Fig. 1. Then, the Kl2 decay width
can be calculated as

Γ(Kl2) = g2
l

G2

8π
f 2

KmKm2
l

(

1 − m2
l

m2
K

)2

. (3)

This Kl2 hadronic form factor can be canceled out by forming the ratio of the electric
(Ke2) and muonic (Kµ2) decay modes as,

RSM
K =

Γ(K+ → e+ν)

Γ(K+ → µ+ν)
=

m2
e

m2
µ

(
m2

K − m2
e

m2
K − m2

µ

)2

(1 + δr) (4)

= (2.472 ± 0.001) × 10−5, (5)

under the assumption of µ-e universality. Conversely, this ratio can provide a test of
µ-e universality as,

gµ/ge = (Rexp
K /RSM

K )1/2. (6)
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Search for heavy neutrino in
K+ → µ+N decay

8 Physics motivation of heavy neutrino search

8.1 Description of νMSM

In the search for physics beyond the Standard Model (SM), one can use different
types of guidelines. A possible strategy is the attempt to explain phenomena that are
not described by the SM by minimal extensions, that is by introducing the smallest
possible number of new particles without adding any new physical principles or a new
energy scale. An example of such a theory is the renormalizable extension of the SM,
the νMSM (neutrino Minimal Standard Model) [15, 16, 53], where three light singlet
right-handed neutrinos (sterile neutrinos) are introduced. The νMSM can simply
explain

• Neutrino oscillation,

• Dark matter as sterile neutrinos, and

• Baryon asymmetry induced from leptogenesis via sterile neutrino oscillation.

The SM is originally formulated with massless neutrinos as components of the
electroweak SU(2) doublets. To accommodate the neutrino masses, one can add
several electroweak singlets to build the seesaw Lagrangian as,

LνMSM = LSM + NIidµγ
µNI − FαILαNIΦ − MN2N3 − ∆MIJ/2NINJ + h.c., (50)

where NI are the right-handed singlet leptons, Φ and Lα (α = e, µ, τ) are the Higgs
and lepton doublet, F is the matrix of Yukawa couplings, and M is the common
mass of two heavy neutral fermions. ∆MIJ are related to the mass of the lightest
sterile neutrino N1 responsible for Dark Matter (DM). Also, ∆IJ produces the small
splitting of the masses of N2 and N3.

The leptonic section of this theory has the same structure as the quark section,
i.e. every left-handed fermion has its right-handed counterpart. All of the sterile
neutrinos have masses below the electroweak scale: one has a mass of the order
of a few keV, while the two remaining sterile neutrinos are assumed to be closely
degenerated at a scale of about 0.1−10 GeV. The lightest singlet fermion N1 may
have a lifetime greatly exceeding the age of the Universe and may thus play the role
of a DM particle. The DM sterile neutrino is likely to have a mass in ∼keV region.
Within the framework of the νMSM, the baryon asymmetry can be naively explained
though CP-violating sterile neutrino oscillation in the Early Universe. The kinetics of
these oscillations and transfer of lepton number between active and sterile neutrino

64

重い sterile ニュートリノ

 Transverse µ+ polarization in Κµ3 

SM: (2.477±0.001)·10-5

monochromatic

3.3%
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将来計画：KOTO-step2
KL → π0νν

真空容器
CCO2

CCO3
CCO4

CCO5
前置バレル

主バレル

CsI-カロリーメーター

CP変換

反陽子

標準模型

新しいCP対称性の破れ

陽子

ハドロン実験施設　̶そこから始まる新しいサイエンス̶

CP対称性の破れをみる
　̶小林・益川理論の検証̶

なぜ反物質は存在しないのか？
自然界では、反粒子から作られる反物質はほとんど存在しません。このような
非対称性を“CP対称性が破れている”といいます。なぜこのような非対称が生
まれたのでしょうか？

小林・益川の理論
小林・益川両博士は、クォークは２種類で１つの世代を作り、この世代が３つあ
ることを予言しました。この場合CP対称性が破れることが自然に説明できます。

粒子の崩壊事象や崩壊確率を測定することで、どの程度CP対称性が破れている
のかを調べることができます。理論が正しいのか、あるいは標準理論では説明
できない現象があるのか、それを明らかにするための実験の一つにＫ中間子稀
崩壊実験があります。

中性K中間子の稀崩壊探索実験
この実験では、長寿命の中性Ｋ中間子（KL

0）が中性のπ中間子（π0）、ニュー
トリノ（ν）および反ニュートリノ（ν̅）へ崩壊する様子をとらえます。もし、
標準理論には現れない超対称粒子などが存在すれば、その影響が現れる可能性
があります。 

稀な崩壊事象をとらえる
この現象は、予測される崩壊の確率が数百億分の１と、非常に稀にしか起こり
ません。J-PARCでは世界最高強度の陽子ビームを供給することができるため、
多量の中性K中間子ビームを作ることが出来ます。過去に高エネルギー加速器
研究機構の陽子シンクロトロンで行われた実験では数千万分の１の崩壊確率が
測定できるところまで迫りましたが、J-PARCではその千倍以上の感度を達成し
ようとしています。ここで初めて稀な事象をとらえることが期待されています。 

Grossman-Nir bound

分岐比測定 (>100 events, S/N=5)

「30GeVの16度取り出し」　は　KLの yieldが最適でない。
⇒ ハドロン実験施設に新たに中性ビームラインをつくる

2009 2011 2013 2014 2016 2018

建設KOTO

-step2

年度

立ち上げ 物理ラン

R&D
建設 物理ラン

>100kW
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以上）。レイアウトとして、E14 実験提案時の 1) 現在のホールに第二の primary beam

line を建設し、標的の直後にコンパクトな陽子ビームダンプを置き、穴をあけて中性

粒子を取り出す案（図 5）に加えて 2)拡張されたホールの第二標的からの中性粒子を

取り出し、ビームダンプ後方に実験エリアを設置する案（図 6）を検討している。（そ

の場合、標的からビームダンプまでの距離を詰め、5 度方向に取り出したビームライン

が標的から遮蔽壁を経て実験エリアに至るまでの距離を短くする。）また、崩壊に対す

る acceptance を増やすためには崩壊領域を長く（2m -> 11m）、電磁カロリメータのサ

イズを大きく（2mφ -> 3mφ）する必要があり、測定器も増強する。

図 5: 現在のホールに primary line、第二標的、ビームダンプを設置する案.

図 6: 拡張されたホールでビームダンプ後方に実験エリアを設置する案.

現在のハドロンホールに新しいビームラインと実験エリアを納めることは難しいの

で、中性 K 中間子稀崩壊実験のためにもホールを拡張する必要がある。ビームラ

イン、実験エリア、測定器ともに十億円を超える規模になる。Step2 実験のためのビー

ムライン・測定器の設計と標的・ビームダンプの R&D などに数年間を要するので、KOTO

実験のデータ解析と併行して準備を進める。

将来計画：KOTO-step2

5.2 Detector

The concept of the new K0
L detector (Fig. 47) is basically the same as those in

E391a and in Step 1. A crystal-based Endcap Calorimeter, with a diameter
of 3 meters, detects two photons from the π0 in the K0

L → π0νν̄ decay.
Other photon detectors are located at the front, barrel, collar, and beam-
hole regions in order to obtain hermetic photon detection6 and suppress the
background from K0

L → π0π0.

Figure 47: Conceptual view of the new K0
L detector for Step 2.

The size of the detector (3 meters radius) and the length of the decay
volume (15 meters total) are much larger than those for Step 1, which are
based on the existing E391a detector, in order to achieve better sensitivity
(the number of K0

L decays and π0 acceptance) as well as tighter background
rejection. The K0

L decays along the beam axis between 2–13 meters from
the entrance of the detector, in vacuum, are used for the measurements.
This region is 2m away from the upstream Collar Counter and the Charged

6A note: We pursued the idea of using the Barrel Calorimeter, covering the long decay
volume, for measurements of the π0’s from K0

L → π0νν̄. We concluded that, because
shower leakage from the Barrel Calorimeter hits the Endcap Calorimeter and vetos the
signal event itself, the sensitivity of the experiment is not improved.

71

- 崩壊領域　11m (x1.7)

- カロリメータ　3mΦ
- ...

ビームライン等
のR&D

Λ→ nπ0

KL → π0νν 分岐比測定 (>100 events, S/N=5)

•取り出し角 5度
　4.4E7  (x5.4) / 3E14 ppp

　<PK>=5.2GeV/c

•長い（30m以上）ビームライン
                　　  バックグラウンド 

「30GeVの16度取り出し」　は　KLの yieldが最適でない。
⇒ ハドロン実験施設に新たに中性ビームラインをつくる
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加速器
の増強

分岐比測定 (>100 events, S/N=5)KL → π0νν

将来計画：KOTO-step2

• 30GeV

• SXのビームパワー
　3E14 ppp (第一期の設計パワーのx1.5)  :

　　450kW に相当する

• SXビームの時間構造

•実効ビームタイムを増やす
（SX運転も“Snowmass year”で） 
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外国のラボとの競争　（ヨーロッパ）
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- Frascati KLOE2: medium decays, Ks decays  (TREK-P36とは競争)
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外国のラボとの競争　（米国）           July 8, 2011 
 
 

 Fermilab Physics Advisory Committee Meeting 
June 21-26, 2011  Snowmass, CO 

 
Comments and Recommendations 

 
(Charge elements given in italics) 

 
Overview 

 
The Fermilab Physics Advisory Committee (PAC) met to discuss the state of the Laboratory and its role in 
current and planned projects as well as to consider a Letter of Intent from the MINERvA Collaboration 
and a Proposal to extend MINOS running in the NOvA era.  
 
The discussions of the Committee last summer were dominated by discussions concerning the Energy 
Frontier and the decision whether to extend Tevatron running for three years. This summer's discussion 
revolved a great deal around the Intensity Frontier and Fermilab's current and future neutrino program. 
The decision by the National Science Foundation (NSF) to no longer support the Deep Underground 
Science and Engineering Laboratory (DUSEL) has obvious impact on Fermilab's plans for the Long 
Baseline Neutrino Experiment (LBNE) and possible siting of direct dark-matter search experiments at 
DUSEL. To help the Committee with these discussions, some members of the DUSEL Program Advisory 
Committee joined the Fermilab Physics Advisory Committee for the first two days of the meeting. The 
Fermilab Physics Advisory Committee greatly appreciated  expert input, 
advice, and insights as part of the discussions and sincerely thanks them for their participation. 
 
The meeting was also characterized by a number of inputs to the discussion being very much in a state of 
flux.  The report of the review committee commissioned by the National Research Council to review the 
physics of DUSEL was not public at the time of the meeting. The Marx-Reichanadter Committee, charged 
by the Department of Energy (DOE) to determine cost estimates of various options for an underground 
facility at Homestake was available on Thursday of the meeting, with the Committee attending its 
presentation to HEPAP by videoconference.  Promising and exciting new constraints on the key neutrino 
mixing parameter 13 were on hand, with results from the T2K Collaboration released during the planning 
of the summer meeting and from updated results from the MINOS Collaboration reported on the Friday of 
the meeting. 
 
Fermilab's continued leading role in exploring dark energy as part of the Cosmic Frontier was also 
discussed as well as other aspects of the Intensity Frontier. Excellent progress from the MINERvA and 
NOvA projects bodes well for the Fermilab near-term neutrino program. The Energy Frontier remains 
vibrant, with the CDF and DZero Collaborations continuing with an excellent array of physics results from 
the Tevatron's last year of operation, and CMS's ongoing spectacular operation and results from collisions 
at the highest energies at the CERN Large Hadron Collider. 

The Fermilab muon g 2 experiment aims for a factor of four improvement in precision over the previous 
experiment (E821 at Brookhaven National Laboratory), by using a higher beam intensity and a more 
appropriate time structure for the beam. This proposal was recently granted Stage-1 approval by Fermilab. 
It was also selected for funding among three proposals submitted in 2010 to the DOE Office of High 
Energy Physics to carry out research at the Intensity Frontier.  

The apparatus, including the superconducting muon storage ring, will be moved from Brookhaven 
National Laboratory to Fermilab. The option to share the accelerator facility with the Mu2e experiment 
has been considered for potential cost saving, but a concrete plan has yet to be developed. At this 
moment, the C sign report. The Committee 
looks forward to more details about controlling the experimental systematic uncertainties needed to 
achieve the design precision. 

Project X  

The Project X accelerator complex is the heart of the future Fermilab flagship projects at the Intensity 
Frontier. It consists of a 3-GeV continuous-beam superconducting linac with 1 mA, followed by an 8-
GeV pulsed linac and the existing 120-GeV Main Injector. The 3-GeV linac will supply a total beam 
power of 3 MW. The beam will have a variable time structure and will be delivered simultaneously to 
kaon, muon, and nuclear physics experimental areas. At the same time, the Main Injector ring, with a 
beam power of 2 MW, will produce a high-intensity neutrino beam to LBNE.  

Project X will provide extraordinary experimental opportunities, including extending the reach of long-
baseline neutrino oscillation experiments as well as a potential short-baseline neutrino program, the study 
of charged lepton flavor violation with muons, the study of rare charged and neutral kaon decays, and will 
have nuclear physics and energy applications. Options for the initial suite of experiments were identified 
in a series of Project X physics workshops organized by Fermilab, the most recent in 2010.   

The Committee was impressed with the success of the workshop series and was pleased to learn that the 
MOUs for the accelerator R&D program have been established. The collaboration being formed 
comprises several international partners, including a sizable Indian component that plans to provide 
valuable in-kind contributions. The Illinois Accelerator Research Center will host the accelerator teams.  

Given the budget profile, the Committee is concerned that the cost and timeline of the LBNE project may 
seriously delay the start of Project X. The Committee encourages the Project X leadership to explore the 
possibility of expanding the international partnership to reduce the impact of this project on the US HEP 
budget, and therefore facilitate its coexistence with the LBNE project. The Committee recommends that 
the Fermilab management make all possible efforts to keep Project X on schedule in view of the potential 
international competition. A substantial delay in the start of the project would be especially detrimental to 
the kaon physics program in the US, which, unlike the neutrino and muon efforts, is presently absent. 
Fermilab should make every effort to ensure the healthy growth of US kaon program which has great 
physics reach. Finally, the Committee would like to better understand how the current Project X frontend 
can be upgraded to become the proton driver for a future neutrino factory or muon collider.  

 

chaired by
Douglas Bryman
(UBC)
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KL → π0νν

まとめ
• K崩壊：
　J-PARCでしかできない
　フレーバー物理の重要テーマ

• KOTO実験は2013年に立ち上がって
最初の物理成果を出す。

• 将来計画（KOTO-Step2）:

　また新たに
　中性ビームラインをつくって
　　　　　　　　の分岐比測定を行う。
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