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Great amount of data on-line and 
powerful search ability enable me 
to make slides easier.  
However, I should taken care of 
copyright to use the image, 
contents, etc… 
I don’t believe my slides to be 
public - sorry 
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Observable

운
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2012     Discovery of the Higgs boson (ATLAS, CMS)                 

(c) Sfyrla

«The Standard Model is complete»

8 December 
2016 Alain Blondel DPNC seminar 16 november 2016 21

perhaps new world(s) of SM replicas

Super
Symmetry

Funny
Higgses

Extra-dimensions

you

name it

Typically supersymmetry, same couplings as the Standard Model
Can generate µ→eγ Z→µτ anomalies in CKM measurements, etc. etc… 

Dark Matter and BAU. High intensity and luminosity:
Many parameters but must be protected otherwise Higgs mass goes to infinity
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Detector
We detector elementary particles 

gamma, electron, muon, pion, proton, neutron, ions 

We measure kinematical variables 

time, position, velocity, momentum, mass, energy 

We reconstruct 

invariant mass, trajectory 

Ionization, Scintillation, Semiconductor, Cherenkov, …  
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E2 = m2c4 + p2c2

(E,P )
in

= (E,P )
out
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We measure physical variables as a result of 
interaction between particle and material.

inelastic collisions with the atomic electrons  

elastic scattering from nuclei 

emission of Cherenkov radiation 

bremsstrahlung 

pair production 

nuclear reaction (strong interaction) 

Particle decay (weak interaction) 



Contents

Passage of charged particles 

Scintillator 

Calorimeter 

KOTO experiment
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Energy Loss of (heavy) 
charged particles by 

atomic collision



10

Energy Loss
 Charge ze, velocity v, mass M, Impact parameter b 

 Momentum Transfer 

 Electron obtains energy as  
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 Consider a bulk of electrons 

 Number of electrons  

Energy loss becomes
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Energy Loss (cont.)
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bmin : head-on collision

bmax : adiabatic invariance

Bohr’s Formula

F · ⌧ = �P τ: Period of bound electron’s     
      orbital motion
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http://pdg.lbl.gov
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Bethe Equation

K = 4⇡NAr
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Mean Excitation Energy
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foot notes16http://pdg.lbl.gov/2016/AtomicNuclearProperties/
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Bethe Equation

  charge square of incident particle ( z2) 

  charge of matter (Z) 

  Inverse of mass of matter (1/A) 

  Unit of MeV・cm2/g 
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Bethe Equation

  charge square of incident particle ( z2) 

  charge of matter (Z) 

  Inverse of mass of matter (1/A) 

  Mixture of different dependence on the velocity (𝞫) 

  Maximum energy transfer in a single collision 
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MIP energy deposit

Plastic Scintillator (Polyvinyltoluene) t=1cm

400 MeV/c muon
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Polyvinyltoluene 

<Z/A> =0.54141 

λT = 57.3 g/cm2 

λI = 81.3 g/cm2 

Xo = 43.9 g/cm2 

dE/dx = 1.965 

                    MeV・cm2/g 

𝞺 = 1.03 g/cm3
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In case of 400 MeV/c muon entering the 
plastic scintillator

  

  <Z/A> =0.54141 

  𝞫 = 0.9668,  𝜷𝜸 = 3.7858   

  I =  64.7 eV 

 mec2 = 0.511 MeV  

 Wmax = 14.109 MeV

K = 0.307075 MeV · cm2
/mol
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Cosmic ray momentum spectrum @ KEK
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Relativistic increase
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Particle Energy Deposit

Fig. 1. Comparison of the depth-dose distribution of photons
(conventionally used) and carbon ions. With photons the dose
decreases exponentially with increasing depth, i.e. the dose in the
target volume of deep-seated tumors is smaller than the dose
delivered to the healthy tissue around. Carbon ions dispose of an
inverse dose pro"le, i.e. the dose increases with increasing pen-
etration depth. This pro"le can be shifted by energy variation
over the target volume, leading to a much higher dose depos-
ition inside the tumor than outside in the healthy tissue.

cancer incidents every year in Germany can be
cured in the long run. These patients predomi-
nantly have a single solid tumor in the beginning
that could be removed through surgery or sterilized
through high radiation doses. However, also in this
group of patients almost 20% cannot be cured
permanently with conventional therapy because the
tumor can neither be removed completely nor be
radiated with a su$ciently high dose. In principle, it
is possible to sterilize any tissue in the body if a su$-
cient radiation dose can be applied. In the radi-
ological practice the maximum dose is always
limited by the tolerance of the healthy tissue around.

Therefore, it has always been the goal through-
out the 100 years of radiation therapy to increase
the precision of the irradiation in order the concen-
trate the dose in the target volume and to reduce
the dose in the healthy tissue or distribute this
inevitable dose over a larger tissue area. Using
variable collimators like multi-leaf collimators and
intensity-modulated Bremsstrahlung from linear
electron accelerators, radiation therapy in the last
years has reached a signi"cantly better dose distri-
bution and in consequence improved clinical
results. However, a further increase in precision and
biological action is only possible with the use of
particle beams as was postulated by Wilson [1] in
1946. Yet, ion beam therapy got started rather
slowly at Berkeley where the "rst patients were
treated with protons in 1954, with helium in 1957
and with heavy ions }mostly neon } in 1975. From
there, ion beam treatment spread all over the world
and until today more than 20 000 patients have
been treated successfully }mostly with protons [2].
Four hundred and thirty patients have been treated
with neon ions at Berkeley and another 400 with
carbon, almost all of them at NIRS; Chiba, Japan.
Harvard University played a pioneering role in the
development of proton therapy, treating nearly
one-third of all patients, while Loma Linda later on
installed the "rst dedicated medical therapy center
where today 1000 patients a year can be treated.

2. The physical basis

At high energies, heavy-charged particles like
carbon ions interact very weakly with the pen-

etrated tissue. Thus, in the beginning the energy
loss is small and the dose is low. At the end of the
particle range the interactions becomes stronger
and the energy loss increases steeply. This en-
hanced interaction has two signi"cant conse-
quences for particle therapy: First, a better dose
pro"le and second the increased relative biological
e$ciency inside the target volume [3].

Compared to photons, particle beams show an
inverse dose pro"le: with increasing penetration
depth the dose increases up to a sharp maximum.
Beyond this so-called Bragg maximum the dose
decreases within a few millimeters to a small value
which consists of nuclear fragments of the carbon
beam. Through energy variation the dose max-
imum can be shifted over the depth of the target
volume. Today, in most of the particle therapies
} predominantly proton therapies } the necessary

2 G. Kraft / Nuclear Instruments and Methods in Physics Research A 454 (2000) 1}10

βγ > 3.5:

βγ < 3.5:

Applications:

Tumor therapy

Possibility to precisely deposit dose 
at well defined depth by Ebeam variation

[see Journal Club]
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Straggling 
-Landau Distribution-
For a small energy loss, prob. of fluctuations 

Let unknown function f(x,Δ) 
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Straggling 
-Landau Distribution-

With a variable

28

⇠ = x

2⇡Ne

2
⇢

P
Z

mv

2
P

A

f(x,�) =
1

⇠

�(�)

�(�) =
1

2⇡i

Z +i1+�

�i1+�
eulnu+�udu

� =
�� ⇠(ln ⇠

"0 + 1� C)

⇠

Maximum at λ=-0.05

Most probable value of energy loss : �0 = ⇠(ln
⇠

"0
+ 0.37)

f(x,�)d� = �(
���0

⇠

)d(
���0

⇠

)



29



30



31



32

Energy Loss of e±



Energy loss of e±
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Energy loss of e±



Bremsstrahlung
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Energy loss of e±



foot notes

Critical energy (Ec)
Energy at which a electron losses its energy as 
same amount by bremsstrahlung and ionization. 

Energy at which the ionization loss per Xo is 
equal to the electron energy.
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foot notes

Cherenkov radiation

39

In 1934, P.A. Cherenkov observe new type of luminescence 

irradiating gamma rays into uranyl salt. 

Originated by charged particle 

Not to be radiative origin 

Observed at a certain angle along particle direction

2.3   Cherenkov  Radiation

A charged particle that moves in a dielectric medium with a velocity v > c/n, 
i.e. has a velocity above the speed of light in this medium, emits a characteristic 
radiation, called Cherenkov radiation 

1934 experimental discovery, P. Cherenkov
1937 theoretical explanation by  Frank and Tamm

Æ additional energy loss term: 

The energy loss contributions due to Cherenkov radiation are small,
small correction of the order of percent to the ionization energy loss: 

ion Brems CH

dE dE dE dE
dx dx dx dx

− = + +

Ursprung der Strahlung:      Polarisation des Mediums

cv n< cv n>

Teilchen polarisiert das Medium
vPol = c/n > v
→ symmetrisch in Vorwärts- u.

Rückwartsrichtung
→ kein resultierendes Dipolmoment

• Atome hinter dem Teilchen bleiben
polarisiert

• keine Polarisation in Vorwärtsrichtung
→ resultierendes Dipolmoment am

Ort des Teilchens
→ Strahlung
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e,µ,𝜋,K,p
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Principle of  experiment

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors

6OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto

3

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

10m

Vacuum chamber

KL

Decay region

primary p
(30GeV)

target

!, n

20m beam line
Sweeping magnet and collimator

KL

Hermetic veto Calorimeter

Charged
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T. Shimogawa et al., 
NIMA 623, (2010) 585
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dE/dx and Particle Identification

Measured

energy loss

0.1 1 20.2

20

60

100

140

180

T
P

C
 S

ig
n
a
l [

a
.u

.]

Momentum [GeV]

Bethe-Bloch

[ALICE TPC, 2009]

Remember:
dE/dx depends on β!



foot notes44Katharina Müller  autumn 14 1

Transition radiation (TRD)
Charged particle passes through materials with di�erent dielectric properties

→ particle forms dipole with the mirror charge

→ dipole changes with time 

→ radiation

● radiated energy W proportional to the energy of particle!

● with ω
p
 Plasma frequency   

● only important for highly relativistic particles

                                  
● energy: keV (x-rays)

●  θ ∝ 1/γ : emission in very forward direction

● probability for photon emission very small → many transitions (foils with gaps) 

● # photons <N> ~ W / hν ~ O (α)=1/137  α :ne structure constant
● energy loss due to TRD negligible for single transition
● important for particle ID at high energies, other e�ects used for PID ∝ β (β≃1)

   Review article: B. Dolgoshein; NIM A 326 (1993) 434

+ -
charged part.             mirror charge

Air (Vacuum)            Dielectric medium

W =
1
3
ℏ p 

 p= N e e2

0 me

ℏ p=20eV

Energy spectrum for CH2 foil

keV!
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Interaction  of photons
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Interaction  of photons
Photoelectric effect

Compton scattering

Rayleigh scattering

Photonucleear interaction

Pair creation



PMT
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Compton Scattering
Y
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Pair Production

for h𝛎 > 2mec2

e+

e-

  σpair =4Z2αre2[7/9{ln(183Z-1/3)-f(Z)}-1/54] 

I = I0e
�t/�

X0 =
A

4↵NAZ2r2e ln
183
Z1/3

⇠ (
A

NA
)
7

9
X0
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Detector

To convert energy loss into observable signal
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Scintillation counter

The energy loss produce scintillation light 

Conversion should be linear 

Light collection; Self-Transparency 

Response time 

Size to use in experiments



Organic scintillator
Aromatic hydro-carbons, Bensen ring 

Plastic Scin. 

density 1.03 - 1.2 g/cm3 

blue to green light 

typically one photon/100eV  

light collection / Q.E.  

Rise and decay time 

Stokes shift

54

Organic scintillation light generation

T1

T0

10−8sec

10−4sec

S0

S1

S2

T210−14

Singlet states

Triplet states

sec

• Light generation within one molecule
. aromatic hydro-carbons, benzene
. transition of free valence electrons in ⇡ orbitals

(= non-localized electrons in ring)
. fine structure because of vibrational modes
. S1 through ‘internal degradation’
. T0 through collisional de-excitation

with other molecules
T0 + T0 ! S1 + S0+ phonons

) Two components
. different wavelength and decay time

• fluorescence: fast (allowed transition)
• phosphorescence: slow (forbidden transition)

• Excitation by
. charged particles
. photon from the de-excitation of other molecules

of base material

6

3eV

Introduction to Radiation Detectors and Electronics Copyright  1998 by Helmuth Spieler
III. Scintillation Detectors

Time dependence of emitted light

a) non-radiative transfer of energy from vibrational states to
fluorescent state

typical time: 0.2 – 0.4 ns

b) decay of fluorescent state

typical time: 1 – 3 ns

⇒ rise with time constant τr

fall with time constant τf

total pulse shape

Rise time usually increased substantially by subsequent
components in system and variations in path length in large
scintillators.

I t e t r( ) /∝ − −1 τ

I t e t f( ) /
∝

− τ

I t I e et tf r( ) ( )/ /= −
− −

0
τ τStokes shift



Organic scintillator

55

PS, PVT

PPO, PTP

POPOP



foot notes56http://www.eljentechnology.com/products/plastic-scintillators



Saturated light output
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Introduction to Radiation Detectors and Electronics Copyright  1998 by Helmuth Spieler
III. Scintillation Detectors

Variation of specific fluorescence dL/dx in anthracene with
specific energy loss dE/dx (Brooks, from Birks)

Light yield 

Damaged molecules for 
large dE(ionization) 

Birks’ law 

L = AE

B

dE

dx

dL

dx

=
A

dE

dx

1 + kB

dE

dx



Example of Quench
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1 GeV/c pion incident

Energy deposit (MeV)

Geant4 calculation  
w/ and w/o quench 
and data



Pulse shape discrimination

Two components of scin. 

slow component 

nature of the exciting 
particle 

Large dE/dx  

Large Triplet excit. 

Bimolecule interaction 

T0 ->S0 or S1
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In organic scintillator
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activator



Temperature dependency
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Liquid noble gases light generation

• Energy deposition leads to
. scintillation: time scale ⇡ 10 ns and 130 < � < 180 nm
. ionisation: ⇡ 20 eV/pair

! in calorimeters the ionisation charge is measured (dominantly)

• Options
. Argon: cheap, ‘simple’ to purify
. Krypton: expensive, smaller radiation length
. Xenon: very expensive

) application in homogeneous and segmented calorimeters

8



foot notes

Electromagnetic Shower
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foot notes

Electromagnetic shower

66

Electromagnetic calorimeter uses a successive 
generation of secondaries - EM shower. 

High energy photon occurs pair creation 
dominantly. 

High energy electron-positron pair loses its energy 
by bremsstrahlung.



foot notes

Radiation Length (Xo)
Characteristic amount for energy loss of (high 
energy) photon and electron 

mean distance over which a electron loses its 
energy as 1/e by bremsstrahlung 

7/9 of the mean free path for pair 
production by a photon
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foot notes

Longitudinal shower development 

68

Number of secondaries 

Average Energy 

Shower development stops at 

N = 2t

Radiation Length(Xo) 

t=3 t=2 t=1 t=0 

(Eo) 

E(t) = E0/2
t

E(t) = Ec



foot notes

Critical energy (Ec)
Energy at which a electron losses its energy as 
same amount by bremsstrahlung and ionization. 

Energy at which the ionization loss per Xo is 
equal to the electron energy.
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Longitudinal shower development 

Number of secondaries 

Average Energy 

Shower development stops at 

70

N = 2t

Radiation Length(Xo) 

t=3 t=2 t=1 t=0 

(Eo) 

E(t) = E0/2
t

E(t) = Ec

Maximum number of shower particles at which their 
energy is critical energy ;

Ec = E0/2
t
max t

max

= ln(
E0

Ec
)/ln2



foot notes

Energy deposit
Energy deposit ∝ total integrated charged track 
length

71

< Ti(E0) >=

Z i�t

(i�1)�t
N(E0, Eth, t)dt

dE

dx

= E0b
(bt)(a�1)

e

�bt

�(a)

= ln(
E0

Ec
) + Cj

Ce = �0.5
C� = +0.5

t
max( dE

dx

) = (a� 1)/b
Eth = 1.5MeV

EGS4 calculation 



foot notes

Longitudinal shower shape

72



Lateral development of EM 

Mainly due to multiple 
scattering of low energy 
electron. 

Moirère Radius (RM)　

73

RM =
21MeV

Ec
X0

⇠ 7A

Z
[g/cm2]

90%

99%

1 3.5



foot notes

Hadronic Shower
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M. Krammer: Detektoren, SS 05 Kalorimeter 44

In Absorbern aus schweren Elementen, z.B. 238U, kann es nach einer
Spallation mit einhergehender Kernanregung oder nach dem Einfang eines
langsamen Neutrons durch einen Targetkern zu einer Kernspaltung kommen.

Dabei zerfällt der Kern unter Energiefreisetzung in 2 (sehr selten auch 3)
annähernd gleich große Kernbruchstücke. Zusätzlich werden dabei typischer-
weise außerdem Photonen und Neutronen emittiert. Haben die Kernbruch-
stücke nach der Spaltung noch hohe Anregungsenergien, so können sie auch
andere Hadronen emittieren.

6.3.1 Hadronische Schauer
Kernspaltung (Fission)

Bild rechts: Schematische
Illustration der Kernspaltung
mit anschließender Emission
von Hadronen und Photonen.

�+ + �� + �0 + . . . + Nucleus⇤
p + Nucleus!

p + Nucleus! p + Nucleus

Nucleus⇤ ! Nucleus A + n, p, �, ...
Nucleus⇤ ! Nucleus B + 5p, n, �, ...

Hadronic Showers

Hadronic interaction:

Elastic:

Inelastic:

Heavy Nucleus (e.g. U)  

Incoming        
hadron

Ionization loss                   Ionization loss     
                

Intranuclear cascade
(Spallation 10-22 s)

Intranuclear cascade
(Spallation 10-22 s)

              Internuclear cascade

! Nuclear fission

Inter- and 
intranuclear cascade 

M. Krammer: Detektoren, SS 05 Kalorimeter 43

Angeregte Kerne emittieren solange Kernbausteine, bis die verbliebene Anre-
gungsenergie geringer ist als die Bindungsenergie der Kernbausteine. Dieser
Prozess wird “Kernverdampfung” genannt. Die restliche Energie wird dann in
Form von Photonen abgestrahlt.

Die Kernverdampfung folgt in einem Kalorimeter typischerweise als Sekundär-
prozess auf eine Spallation.

6.3.1 Hadronische Schauer
Kernanregung, Kernverdampfung

Bild oben: Schematische Illustration der Kernverdampfung. Hochangeregte Kerne
verlieren typischerweise innerhalb von !"10-18"s einen Großteil ihrer Anregungsenergie
durch die Emission von Kernbausteinen.

Nuclear 
evaporation

B
Fission

CA
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Dabei zerfällt der Kern unter Energiefreisetzung in 2 (sehr selten auch 3)
annähernd gleich große Kernbruchstücke. Zusätzlich werden dabei typischer-
weise außerdem Photonen und Neutronen emittiert. Haben die Kernbruch-
stücke nach der Spaltung noch hohe Anregungsenergien, so können sie auch
andere Hadronen emittieren.

6.3.1 Hadronische Schauer
Kernspaltung (Fission)

Bild rechts: Schematische
Illustration der Kernspaltung
mit anschließender Emission
von Hadronen und Photonen.

�+ + �� + �0 + . . . + Nucleus⇤
p + Nucleus!

p + Nucleus! p + Nucleus

Nucleus⇤ ! Nucleus A + n, p, �, ...
Nucleus⇤ ! Nucleus B + 5p, n, �, ...

Hadronic Showers

Hadronic interaction:

Elastic:

Inelastic:

Heavy Nucleus (e.g. U)  

Incoming        
hadron

Ionization loss                   Ionization loss     
                

Intranuclear cascade
(Spallation 10-22 s)

Intranuclear cascade
(Spallation 10-22 s)

              Internuclear cascade

! Nuclear fission

Inter- and 
intranuclear cascade 
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Angeregte Kerne emittieren solange Kernbausteine, bis die verbliebene Anre-
gungsenergie geringer ist als die Bindungsenergie der Kernbausteine. Dieser
Prozess wird “Kernverdampfung” genannt. Die restliche Energie wird dann in
Form von Photonen abgestrahlt.

Die Kernverdampfung folgt in einem Kalorimeter typischerweise als Sekundär-
prozess auf eine Spallation.

6.3.1 Hadronische Schauer
Kernanregung, Kernverdampfung

Bild oben: Schematische Illustration der Kernverdampfung. Hochangeregte Kerne
verlieren typischerweise innerhalb von !"10-18"s einen Großteil ihrer Anregungsenergie
durch die Emission von Kernbausteinen.

Nuclear 
evaporation

B
Fission

C



Hadronic shower
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�I ⇡ 35 g/cm2 ·A 1
3

N(x) = N0e
� x

�

I

𝞴I X0 R=(𝞴I/X0) 𝞴I X0 R=(𝞴I/X0)

Fe 16.78 1.76 9.54 Scin. 78.93 42.62 1.85

Cu 15.32 1.44 10.68 CsI 38.03 1.86 20.44

Pb 17.59 0.56 31.33 PbWO4 20.28 0.89 22.77
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Comparison hadronic vs EM showers 
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Calorimeter



foot notes

Calorimeter
A detector to measure particle’s properties through 
total absorption. 

Destructive absorption process, shower development, 
convert the particle energy into heat.:   

Interaction of charged particles with matter. 

Both charged and neutral particles. 

Performance typically improves with increase energy. 

Use for triggering. Quick decision for event taking.

78



foot notes79

122 CHAPTER 7. RESOLUTIONS OF CSI CALORIMETER
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Figure 7.18: Three contributions for the energy resolution. Contributions of the
spectrometer, the materials, and the width of E

CsI

/Evis

spec

are shown as the solid line,
the dashed line, and the circles, respectively. The circles and lines colored in black
include no systematic uncertainties, while the red (green) plots include the systematic
uncertainties which make the estimation for energy resolution larger (smaller).

Tracker V.S. Calorimeter

K. Sato Ph.D theses 
2015, Osaka Univ.

Momentum meas. 
Better resolution  
in Low energy

Energy meas. 
Better resolution  
in High energy



Calorimeter
 Homogeneous Calorimeter 

Assembled by modules of dense (inorganic) scintillator  

Crystals, Liquid 

Nice energy resolution, but expensive 

Sampling Calorimeter 

Dense material generates shower particles  

Detector (organic scintillator) detect shower particles 

Worse energy resolution, however cheap 

Large scale of calorimeter 
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Energy Resolution
Fluctuation 

Shower development 

Number of photoelectrons 

Shower leakage 

Sampling fraction (for sampling calorimeter) 

Path length (for sampling calorimeter) 

Straggling (For sampling calorimeter) 

Noise term 

Constant Term
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foot notes

Energy Resolution
Fluctuation

82

Detected energy is proportional to number 
of shower particles, N.

E / N, N =
E

W
E: Incident energy 

W: Mean energy for signal 

F: Fano Factor
�E

E
/ �N

N
=

r
FW

E

�E

E
/ 1p

Npe
Npe:Number of photoelectrons



Path Length 

Multiple scattering at the 
absorber. 

Effective energy at the 
detector.
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Energy Resolution

tabs ! tabs/ cos �

⇥E

E
=

1�
Nch

· 3
ln(k · �)

Energy Resolution

Track length fluctuations:

M. Krammer: Detektoren, SS 05 Kalorimeter 18

6.1.3 Energieauflösung
Spurlängen-Fluktuationen

Durch die Vielfachstreuung im Kalorimeter erhalten die Schauerteilchen eine
gewisse Winkelverteilung.

Als erste Folge dieses Sachverhaltes ergibt sich, daß sich die von den
Teilchen durchquerten Distanzen von den Absorberdicken bzw. den Dicken
der Detektorschichten unterscheiden. Man muß daher in den Formeln für die
Sampling- und die Landau-Fluktuationen effektive  Schichtdicken einsetzen:

tabs!!!tabs/cos!.

Darüber hinaus variiert der tatsäch-
liche Winkel zur Kalorimeterachse
von Schauerteilchen zu Schauer-
teilchen. D.h. die zurückgelegten
Wege im Detektor bzw. Absorber-
material sind von Teilchen zu
Teilchen verschieden. Dies ist die
Ursache für die eigentlichen
Spurlängenfluktuationen.

Illustration der verschiedenen Weglän-
gen unterschiedlicher Schauerteilchen.

Due to multiple scattering particles
traverse absorber at different angles ...

Different effective absorber 
thickness:

➛

[Enters sampling (and Landau) fluctuations]

Landau fluctuations:

Asymmetric distribution of energy deposits in thin active layers yields
correction [Landau instead of Gaussian distribution]:

k
 : constant; k = 1.3⋅104 if δ measured in MeV
δ
 : average energy loss in active layer ('thickness')[semi empirical]

with:

Straggling  

Thin detector (scintillator) 

Sum of asymmetric energy deposit



Energy Resolution
Fluctuation 

Noise term 
Readout electronics 

Import in low energy 

Constant Term 

Inhomogeneity 

Calibration constant 

linearity 

Shower leakage 
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Energy Resolution  
(hadron calorimeter)

Fluctuation 

In addition… 

Nuclear excitation, fission, binding energy fluctuation 

Heavily ionizing particles
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KOTO CsI Calorimeter
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CsI study with charged particle
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18 CHAPTER 2. APPARATUS OF THE ENGINEERING RUN
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Figure 2.5: Layout of detectors in the engineering runs. The top (bottom) figure
shows the view in the x-z (y-z) plane. The CsI calorimeter and the trigger scintillators
were placed inside a dry room. The position of the trigger scintillators was different
between the February run and the June run.

the 2nd chamber were not active because the readout electronics for them were not
functioning.

Field wires were placed around each sense wire to form a hexagonal cell. They were
applied negative high voltage in order to form an electric field to drift ionization
electrons, which were produced by charged particles passing through the cells, toward
the sense wires. Guard wires were placed at the outermost side of the chambers in
order to shape the electric field and to reject the electrons produced outside the cells.
As for the 1st chamber, the guard wires were also placed at the center of the chamber.
The layout of the wires are illustrated in Fig. 2.8. Materials, diameters and applied
voltage of the wires are summarized in Table 2.2.
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44 CHAPTER 3. THE CSI CALORIMETER ANALYSIS

40

(a)

(d)

(b)

(e)

(c)

(f)

!: seed
!: focused
!: linked

Figure 3.5: Illustration of the clustering process. (a) The CsI crystals with energy
deposits more than 3 MeV are shown in red. They are defined as cluster seeds. The
black block represents the seed with the maximum energy deposit. First we focused
on the black block. (b) The 14×14 cm2 square, drawn with blue line, is placed around
the focused block. The seeds which were located in the square are linked with the
focused seed. The linked crystals are filled with green. (c) We then move the focus
to one of the linked crystals and seek the seed in the square centered on the focused
block. (d) The process in (c) is iterated until no more seeds can be linked. The group
of the linked crystals is defined as “cluster”. (e) The processes (a)∼(d) are iterated
for the remaining seeds. (f) In this example, three clusters are finally found (Each of
them are shown in magenta, purple and blue, respectively).
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Figure 7.1: (a) Distribution of the E
CsI

/Evis

spec

. The colors represent different energy
region: 500∼550 MeV (black), 1000∼1050 MeV (red) and 1500∼1550 MeV (green).
(b) Width of the E

CsI

/Evis

spec

as a function of electron energy. The momentum resolu-
tion of the spectrometer (green line) and the energy fluctuation due to the materials
upstream of the CsI calorimeter (red line) are also shown.

Energy resolution of the CsI calorimeter

The contributions from the spectrometer and the material were quadratically sub-
tracted from the E

CsI

/Evis

spec

width. The remaining width was fitted with a function of
general expression of energy resolution, i.e.:

σ
E

E
= p

1

⊕ p
2

p

E[GeV]
⊕ p

3

E[GeV]
. (7.2)

The fitted parameters are

p
1

= (0.66± 0.12± 0.51)%, p
2

= (1.81± 0.04± 0.02)%, p
3

= (0± 0.15± 0.00)%

(7.3)

for the small-crystal data subset, and

p
1

= (1.71± 0.11± 0.13)%, p
2

= (1.31± 0.10± 0.01)%, p
3

= (0± 0.44± 0.00)%

(7.4)

for the large-crystal data subset, where the first error of each parameter is a statistic
error, and the second error is a systematic error of which derivation is described in
the next section. The covariances between the parameters are shown in Table 7.1.
The fitting result for the small-crystal data subset and for large-crystal data subset
are shown in Fig. 7.3(a) and (b), respectively. The fitting error of the function, shown
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9393

Principle of  experiment

Reconstruction
Assuming 2γ come from π0,

• Calculate Z vertex

• Calculate π0 transverse momentum
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto
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KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution

4

2.3 バックグラウンド 11

という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
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2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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 π0 reconstruction
EM calorimeter provides energies and incident positions of two 
photons 

With an assumption that π0 decays at beam center and π0 rest 
mass, we can obtain a distance between calorimeter and decaying 
vertex. 

Pair of neutrinos take away transverse momentum (PT) 
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Results of  
 May 2013
Removed B.G. events 
learned from the E391a. 

(π0 production at the 
detectors) 

We found two new sources 
of the B.G. 

Upgraded detector  for run 
2015
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30 cm

Front View Side View

30 cm

50 cm

gamma 
(point source)CsI Crystal

CsI Crystal

Veto Counters

M.C. for gamma with 
High statistics
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2444

Neutron only
Gamma only
Others only
Neutron + Gamma
Neutron + Others
Gamma + Others
Neutron + Gamma + Others
No secondaries



Election Incident
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Neutron only
Gamma only
Others only
Neutron + Gamma
Neutron + Others
Gamma + Others
Neutron + Gamma + Others
No secondaries

1860



 J-PARC 
(Japan Proton Accelerate Research Complex)
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Location of  J−PARC

http://j-parc.jp/index-e.html



Nuclear 
Transmutation

J-PARC Facility

3 GeV Synchrotron

(25Hz, 1MW)

Hadron Beam Facility
Materials and Life Science

Experimental Facility

Neutrino to 
Kamiokande

30 GeV Synchrotron

(0.75MW)

500m

Linac

(330m)





105

To	study	various	phenomena	with	high	intensity	secondary	par5cles.�
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http://j-parc.jp/Acc/en/operation.html
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2s 4s 4s2s 2s

Protons Protons Protons
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50	GeV	Synchrotron	

3	GeV	Synchrotron	

Linac	
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Hadron Hall 

30 GeV Proton beam

E36

KOTO

Production Target
K1.8

K1.8BR

K1.1BR

KL
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Hadron Hall after 2017 

KL

K1.8

K1.8BR

COMET

Hgh-p

K1.1
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Searching for the                      decay                                          
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K0 at TOkai

CP violating rare decay KL→π0νν

Flavor changing neutral current,
  occurring via loop diagrams
Dominated by t-quark loop
Theoretically clean

A probe to explore beyond the Standard Model
New heavy particle in loop can contribute

2

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

K→πνν in the Standard Model

Process via loop diagrams
KL case:

• Top quark dominates
– K0-anti-K0 superposition extracts

imaginary part of  the amplitude

• CP violating

K+ case:
• Top and charm contribute

– Absolute value of  s→d amplitude

Theoretically clean

6

etc...

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

Possible BSM effects

8

SM diagrams 

Possible NP diagrams (s!dZ) 

from PRD76.074027 

+ 

THDM: two-HIggs-doublet model
MSSM: minimal-supersymmetric SM
mUED: minimal universal extra dimension
LHT    : littlest Higgs model with T parity

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

Possible BSM effects

8

SM diagrams 

Possible NP diagrams (s!dZ) 

from PRD76.074027 

+ 

THDM: two-HIggs-doublet model
MSSM: minimal-supersymmetric SM
mUED: minimal universal extra dimension
LHT    : littlest Higgs model with T parity

5

J-PARC E14/KOTO experiment: 
KL!π0νν measurement

Goal = observation of  few SM events

KOTO stands for “K0 at Tokai”

Chonbuk, Hanyang, 
Jeju, JINR, Korea, 

NTU

Arizona State
Chicago
Michigan

KEK,  Kyoto, NDA, 
Osaka, Okayama, 
Saga,  Yamagata 5
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Search for new physics 
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Rare precess : 



Studies on kaon decays 
- Cornerstone of  the SM -

115
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perhaps new world(s) of SM replicas

Super
Symmetry

Funny
Higgses

Extra-dimensions

you

name it

Typically supersymmetry, same couplings as the Standard Model
Can generate µ→eγ Z→µτ anomalies in CKM measurements, etc. etc… 

Dark Matter and BAU. High intensity and luminosity:
Many parameters but must be protected otherwise Higgs mass goes to infinity

 HINT2016
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Searching for KL➔π0νν Decay

Theory of
Kaon decays

Johan Bijnens

What is kaon

History

Introduction

K ! ⇡⇡

K !
⇡`⌫ or ⇡⌫⌫

Other decays

Summary

11/45

Last step pictorially

A weak decay:

Hadron:
1 fm
W -boson:
10�3 fm

s
u

d
u

J. Bijnens, HINT2016
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The most suppressed FCNC

New Physics Signatures in Kaon Decays Monika Blanke

1. Introduction

Kaon physics has played a prominent role in the development of the Standard Model (SM).
The observation of the “strange” K mesons in cosmic rays led to the introduction of the three
quark model to describe the observed meson and baryon spectra [1]. Subsequently in 1970 the
charm quark was predicted to explain the observed branching ratio for the decay KL ! µ+µ� [2],
and was discovered only four years later. Also the existence of a third generation of quarks was
predicted from kaon data: Kobayashi and Maskawa realized that the observed CP violation in the
neutral K meson system can be explained within the SM only in the presence of at least three quark
flavours that mix with each other [3].

Subsequently the role of kaon physics has shifted to constraining the parameter space of the
SM. The most precise determination of the CKM element |Vus|, the so-called Cabibbo angle [4],
is currently obtained from K decays through charged current interactions [5]. Furthermore the pa-
rameter eK measuring CP violation in K0 � K̄0 mixing, generated at loop level in the SM, provides
important information for the determination of the CKM matrix.

With the great success of the B-factories Belle and BaBar confirming the CKM matrix as
the dominant source of flavour and CP violation the interest in flavour changing neutral current
(FCNC) processes has shifted from a precise determination of the CKM parameters to the search
for non-SM contributions to these decays. In order to appreciate the special role played by the
K sector, it is instructive to first consider the pattern of effects predicted in the SM. Due to the
hierarchical structure of the CKM matrix, together with the GIM suppression [2] of the charm
quark contribution, the generic prediction for the size of FCNC transition in the various meson
systems is determined by

|V ⇤
tsVtd || {z }

K system

⇠ 5 ·10�4 ⌧ |V ⇤
tbVtd || {z }

Bd system

⇠ 10�2 < |V ⇤
tbVts|| {z }

Bs system

⇠ 4 ·10�2 , (1.1)

i. e. FCNC transitions in the kaon sector are most suppressed while the effects in b ! d and b ! s
transitions are larger.

The new physics (NP) flavour structure on the other hand does in general not exhibit the CKM
hierarchies. Consequently the largest deviations from the SM predictions are to be expected in kaon
physics, while the effects in rare B decays are generally smaller. Such a pattern of NP effects can
indeed be found e. g. in the Littlest Higgs model with T-parity (LHT) [6, 7, 8], in the custodially
protected Randall-Sundrum model (RSc) [9, 10, 11] or in a general left-right model (LR) [12].
Therefore even with the SM-like measurements of the Bs mixing phase and the branching ratio for
Bs ! µ+µ� at LHCb, large NP signatures can still be hoped for in rare kaon decays, such as the
K ! pnn̄ system or the KL ! p0`+`� decays.

2. Lessons from K0 � K̄0
mixing

Before discussing the possible NP signatures in rare K decays, let us briefly review the lessons
we have learned from the study of neutral kaon mixing. In the SM the short-distance contribution
to K0 � K̄0 mixing is generated first at the one loop level via box diagrams with virtual up-type
quarks and W± bosons, and is therefore governed by a single effective operator (s̄d)V�A(s̄d)V�A.

2

M. Blanke, arXiv:1305.5671v1

The largest deviations from the SM prediction  
in Kaon sector.

LHT : Littlest Higgs model with T-parity 
RSc : Randall-Sundrum model 
LR : General left-right model



Signal of the               Decay
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KL➔π0νν
No information of incident KL 

Only decaying particle is KL in the neutral beam. 

Momentum distribution can be obtained by using   

         monitoring modes such as  

One clear      and only one 

Properly reconstruct 

                     , 

No any other decay products 

Hermetic veto detector

Step-by-Step Approach

E391a-final

I.Dumanoglu,Calorimeters in HEP, 
Bodrum Accelerator School 2006

6



Experimental Method
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Principle of  experiment

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors

6OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto

3

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013
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Vacuum chamber
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Decay region
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List of KL decay modes 

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

e+ e− e+ e− S1 ( 3.56 ±0.21 ) × 10−8 249

π0µ+µ− CP,S1 [s] < 3.8 × 10−10 CL=90% 177

π0 e+ e− CP,S1 [s] < 2.8 × 10−10 CL=90% 230

π0ν ν CP,S1 [t] < 2.6 × 10−8 CL=90% 230

π0π0ν ν S1 < 8.1 × 10−7 CL=90% 209

e±µ∓ LF [o] < 4.7 × 10−12 CL=90% 238

e± e±µ∓µ∓ LF [o] < 4.12 × 10−11 CL=90% 225

π0µ± e∓ LF [o] < 7.6 × 10−11 CL=90% 217

π0π0µ± e∓ LF < 1.7 × 10−10 CL=90% 159

K ∗(892)K ∗(892)K ∗(892)K ∗(892) I (JP ) = 1
2 (1−)

K∗(892)± hadroproduced mass m = 891.66 ± 0.26 MeV
K∗(892)± in τ decays mass m = 895.5 ± 0.8 MeV
K∗(892)0 mass m = 895.81 ± 0.19 MeV (S = 1.4)
K∗(892)± hadroproduced full width Γ = 50.8 ± 0.9 MeV
K∗(892)± in τ decays full width Γ = 46.2 ± 1.3 MeV
K∗(892)0 full width Γ = 47.4 ± 0.6 MeV (S = 2.2)

p

K∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

K π ∼ 100 % 289

K0γ ( 2.46±0.21) × 10−3 307

K±γ ( 9.9 ±0.9 ) × 10−4 309

K ππ < 7 × 10−4 95% 223

K1(1270)K1(1270)K1(1270)K1(1270) I (JP ) = 1
2 (1+)

Mass m = 1272 ± 7 MeV [u]

Full width Γ = 90 ± 20 MeV [u]

K1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K ρ (42 ±6 ) % 46

K∗
0(1430)π (28 ±4 ) % †

K∗(892)π (16 ±5 ) % 302

K ω (11.0±2.0) % †

K f0(1370) ( 3.0±2.0) % †

γK0 seen 539
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Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Scale factor/ p

K0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODESK0
L

DECAY MODES Fraction (Γi /Γ) Confidence level(MeV/c)

Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [o] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [o] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225
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Semileptonic modesSemileptonic modesSemileptonic modesSemileptonic modes
π± e∓ νe [o] (40.55 ±0.11 ) % S=1.7 229

Called K0
e3.

π±µ∓ νµ [o] (27.04 ±0.07 ) % S=1.1 216

Called K0
µ3.

(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225
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KLàπ0 π0 Background ?
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Principle of  experiment

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors
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When we miss 2 gammas among 4 gammas generated at the 
KLàπ0 π0 decay. 

Br(KLàπ0 π0)/Br(KLàπ0𝝼𝝼) =2.6X107 

We have to detect gamma with inefficiency less than 10-4



Why we miss the gamma ?
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Photo-nuclear

Punch-through 

Thickness of Calorimeter (Xo)Pr
ob

. o
f 

Pu
nc

h-
Th

ro
ug

h

Xo

𝜸

Xo

𝜸

n
Detailed study using M.C.

Energy dependent 

   (GDR and Delta resonate) 

Doubtable M.C. calculation



Inefficiency measurement
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Electron beam from INS 1.3-GeV ES 

Photon tagging system,  

32 +8 (backing) counters,  

detects recoil electrons after  

bremsstrahlung.)  

Samples were placed behind a shield 

through active collimation. 

Still not so perfect photon-tagging to 

make a direct measurement of 

inefficiency.  1~0.1% mis-tagging 

exists 



125

CsI Calorimeter Lead-Scin. Sampling calorimeter



Why we miss the gamma ?

126

Sampling effect 

𝜸𝜸

Dominant contribution to Low energy gamma 

M.C. calculation

CsI Sampling



 Detector
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KOTO detector
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Cutaway view
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Timeline of KOTO 

18 

Closing vacuum chamber 
                            (2012 Dec) 

Charged Veto installation (2012  June) 

NCC installation 
(2012 Nov) 

FB installation (2012 Nov) 

Main Barrel installation (2012 Dec) 

Sub detectors (CC04 etc.) 
Installation (2012 Dec) 

2013 Jan engineering run 

1st physics run 
2013 June 

Beamline 
construction 
finished 
(2009 Aug) 

CsI 
calorimeter 
stacking 
finished 
(2010 Feb) (2011 Feb)

2013 May

12

Neutron
 Collar Counter

Kyoto Univ.

2013/09/21  Kyoto Kaon weekly meeting

• Introduction

• J-PARC

• Kaon 

experiments

Contents

So, ...
• KOTO

• Piano

• Papionn

• Pi+KL

KO
s

d

T!
!

PIAn NOthino

poco  a   poco

clustering for n/γ separation
ハロー中性子測定においては、ハロー中性子より~100倍のhit rateを持つKL decay
起源のγがバックグラウンド事象となる　　　　　　　　　　　　　　　　　　　　　
→ NCCはX,Y,Zそれぞれ分割されており、clusteringを行う事で３次元的なシャワー
形状の情報からn/γ separationを実現できる

9

典型的なKLdecay　event(MC)典型的なハロー中性子event (MC)

front hit
無し あり

cluster数
１ 複数
cluster のsize

大 小

おおまかな特徴

シャワーのz方向の発展
大 小

front front

middle rear middle rear

sum sumMC KL decay event
Sum

16

CsI Calorimeter

CFRP cover against 
earthquake

Brought FNAL KTeV CsI

FCVData
Entries  1113168
Mean     0.56
RMS     0.198

Energy depodit (MeV / 5 keV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

-710

-610

-510

-410

-310

-210

FCVEnergy deposit

FCVData
Entries  1113168
Mean     0.56
RMS     0.198

FCVMC
Entries  999563
Mean   0.5333
RMS    0.1917

FCVEnergy deposit
100keV threshold

Data：11 / 1113168 
          = 0.988±0.299×10-5

MC：10 / 999563    
         = 1.00±0.316×10-5

Upper limit：1.58×10-5

@90%.C.L.

<experimental set up >
beam direction (mm)

0 1000 2000 3000 4000 5000 6000 7000

Y
 (m

m
)

-1500

-1000

-500

0

500

1000

1500
Experimental set up

Drift Chambers Charged Veto Hodoscope
CsI calorimeter

active region

de-active region

1
2 3

4

IneffData
Entries  6092
Mean      150
RMS     36.97

distance between COE and track (mm / 10 mm)
0 20 40 60 80 100 120 140 160 180 200

-410

-310

-210

-110

distance between COE and track

IneffData
Entries  1342
Mean    167.2
RMS     24.87

IneffMC
Entries  7490
Mean    154.5
RMS     33.86

distance between COE and track
dependence between CV inefficiency

 and hit distance 
reject

CV

change flight pass

CsI
chamber trackchamber

no particle penetrate
→become inefficiency

○the effect of multiple scatter
      and hard scatter .
○π→µdecay in flight.

main source of unqualified track 

< conceptual diagram of the KOTO detector >

Evaluation of the inefficiency of a charged particle detector for KOTO experiment
D.Naito1, N.Sasao2, T.Nomura3, H.Nanjo1, N.Kawasaki1, Y.Maeda1, S.Seki1, I.Kamimji1, K.Nakagiri1

1Kyoto Univesrity, 2Okayama University, 3KEK

・π0(2γ)  is measured with the CsI calorimeter
　○Energy
　○Positions 
・Hermetic veto counters surrounding the decay volume 
　→Ensures nothing else.

calculate ○Vertex position
○Transverse momentum 

Cut value

Started in May 2013, at J-PARC(TOKAI, JAPAN)
Goal of the KOTO experiment
　○Discovery of the KL → π0νν decay
　○Search for physics beyond the SM

< decay diagram >

mediate unknown particle ?

　　○small theoretical uncertainty(～2%) 

　　○suppress in the SM(Br～2.4x10-11)

　　　→sensitive  to new physics.

KL→π0νν
2γ

undetected
signal event @ KOTO

2γ + nothing

CsI calorimeter

KL

ν

Charged Veto

charged

charged

○Charged particle counters in front of the CsI calorimeter.
○reject Kaon decays including charged particle below one-1010th.
　→need 10-3 inefficiency against a charged particle which 
        penetrates CV toward the calorimeter  at 100 keV threshold .

< CV and CsI calorimeter>

<CV over view> <each module design>

○two plastic scintillator planes (48strips + 44strips).
○make overlap of scintillator strips to reduce the gap.
　groove wavelength shifting fibers.

　use MPPC for the both-end readout of the fibers.

analysis flow

<photo of CV>

Introduction to the KOTO experiment

Introduction to Charged veto

to achieve high light-yield and efficiency over the whole area.

Evaluation of the inefficiency of a Charged veto
○measured in June, 2012, at the Koto beam line.
○environment of  the experimental area：air(beam power:6kW)

○tracking：Drift chambers + Hodoscopes(require 2 tracks)

1 reconstruct XY of 2tracks by the drift chambers

 matching of hodoscope hit and track2

matching of CV hit and the track4

<hodoscope (blue) and CsI active region(red) >

track from chamber

COE@CsI

define as "hit distance"

5

1 4 ensure track reconstruction
5 ensure charged-particle hit position

conclusion
○We designed and constructed, evaluated CV performance.
○CV requires 10-3 inefficiency for rejection of background.
○CV achieves ～2×10-5 inefficiency.

○main systematic uncertainties.
　→due to accidental hit (3%).
　→due to contamination of unqualified track(1.7±0.14%).

calculate hit position on CsI3

2

RCVData
Entries  1113168
Mean   0.5619
RMS    0.2042

Energy depodit (MeV / 5 keV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

-710

-610

-510

-410

-310

-210

RCVEnergy deposit

RCVData
Entries  1113168
Mean   0.5619
RMS    0.2042

RCVMC
Entries  999563
Mean   0.5351
RMS    0.1977

RCVEnergy deposit
100keV threshold

Data：14 / 1113168
           = 1.258±0.336×10-5

MC：10 / 999563   
         = 1.00±0.316×10-5

Upper limit：1.88×10-5

@90%.C.L.

front layer Rear layerthe track position of
inefficiency event
○Black square (0.6×0.6mm2)：
　hole for fixing scintillator.
○most inefficiency event 
  penetrate the hole or bounds
  of scintillators.

check energy deposit of CV6

reject unqualified track5

track near the CsI hit

track far from the CsI hit

5

CsI

CV

NCC

MBFB
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Timeline of KOTO 

18 

Closing vacuum chamber 
                            (2012 Dec) 

Charged Veto installation (2012  June) 

NCC installation 
(2012 Nov) 

FB installation (2012 Nov) 

Main Barrel installation (2012 Dec) 

Sub detectors (CC04 etc.) 
Installation (2012 Dec) 

2013 Jan engineering run 

1st physics run 
2013 June 

Beamline 
construction 
finished 
(2009 Aug) 

CsI 
calorimeter 
stacking 
finished 
(2010 Feb) (2011 Feb)

2013 May
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KOTO detector

Signature of  KL→π0νν = 2γ+nothing
Calorimeter + Hermetic veto detectors

7

OK T
ν

νs

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam
• 2γ + nothing

• Calorimeter + Hermetic veto

3

FB NCC MB CV
CsI calorimeter

CC03OEV

CC04 CC05 CC06 BHCV BHPV

LCVBCVHINEMOS

Saturday, April 20, 2013

10m

Vacuum chamber

KL

Decay region

primary p
(30GeV)

target

!, n

20m beam line
Sweeping magnet and collimator

KL

Hermetic veto Calorimeter

Charged

!

!

"

"

"

"

!
!

!"#$%&$ '

!"##$%&'()*+,*-(&%

.(&%*/0"1$#(*&1'(0*
2"##$%&'"0*&#$34%(4'*5*6+

7"8(&-#(*'9"*:'&3(*2"##$%&'"0
!"#$%&'()*+*#,(-#.%/#012345#678#9:!:#

;(<<*=(-*.&(>?#@AB#3#CDE#FDG7GH#IJI

K"#!*L*%*M%&#/.#*<"?#0N>"#0"#3NN<"#2%OM"#IG#FDG77H#GECPG7

T. Shimogawa et al., 
NIMA 623, (2010) 585

Cutaway view



 Detector

131

KOTO detector
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* Main Barrel
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Inner Barrel
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Additional reduction for detection inefficiency due to 
punch-through as a factor of 50 

Increase better visible ration portion  

Reduction of Kpi2 background as a factor of three

Additional 5Xo sampling calorimeter
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Alternation lead sheet (1mm) and plastic scintillator(5mm) 

Wave length shifting fiber read-out (BCF-92, 𝝓1.5mm)

Inner Barrel Module
25 layers of 1mm Pb + 5mm scintillator	

bound by stainless steel bands	

200 kg/module x 32 modules ~ 6 tons

5
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Inner Main Barrel

M8 bolts : (8X8+8X7)X32=3840
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41Moved to J-PARC	
Feb. 17, 2016
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Installed 
April 1, 2016 
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KOTO detector
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 Neutron Meas.
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Results of  
 May 2013
Removed B.G. events 
learned from the E391a. 

(π0 production at the 
detectors) 

We found two new sources 
of the B.G. 

Upgraded detector  for run 
2015



From Now
Improve experimental sensitivity 

Stable data taking 

Data analysis 

Neutron background rejection 

Method of background estimation 

Understand accidental loss 

To reduce loss due to backsplash 

147

2015/07/16 25

Beam request toward 2017
● We want beam  as much as possible after Inner Barre l insta ll

● NA62 will take 100 events toward 2017 for 

– Push Grossman-Nir limit down.

● At least 4800kW*day until 2017 to compete with NA62 in terms of 
Grossman-Nir limit. If we have 500kW*day in this Fall, 4000 kW*day more 
is needed from 2016 to 2017.

2015 April-June

2017

2016

2015 Fall

NA62 ~100 events from 2015-17

Future



Halo neutron events
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High Pt and downstream events

• Hadron cluster events
• Most serious BG events
in the first physics run

• Events spread into the
the signal box

• Single halo neutron make 
two clusters.   

n

13

Rec. z [mm]
2000 3000 4000 5000 6000

 [M
eV

/c
]

tP

0
50

100
150
200
250
300
350
400
450
500

0
0.5
1

1.5
2

2.5
3
3.5
4

1.9±1.1

Halo neutron

14年9月5日金曜日

Study of neutron cluster events

• Remove cluster shape cut  to enhance 
neutron clusters events

• Use Al target data to develop new cuts and 
estimate # of BG inside the signal box

• Confirm event property to be similar 
between Al target and physics run.

Al target 

Al target run physics run 

nn n

30
14年9月5日金曜日

Single neutron produce two clusters  

Newly founded background source 

Studied by using aluminum target data  
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Effect of Improvement 

2016/12/7 18 

Neutron Enhanced Samples 

241 

231 

1010 469 

1606 

In 2013 
In 2015 

Reduction of the Halo 
neutron events
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Halo neutron events
To reduce scattering source 

To take data for enhanced neutron events

Beam Line

Gate Valve

Polyimide  
vacuum window

FB

MB

Membrane to separate high vacuum 
 region from low vacuum region

Movable Target

Decay  
Region

NCC

Beam

Tungsten Target 
(2mm𝜙 X 8mm)

Aluminum Target 
(80X80X10mm3) 

Shaft Bellows

Motor



Enhanced neutron events
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Rec. z [mm]

P t
 [M

eV
/c

]
π0 event

neutron event

70-hour data taking with Al-target  
(>15 times more than May 2013) 

To study cluster and pulse shape in  
the calorimeter 

To develop a method to  discriminate 
neutron induced events from the π0 events
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Neutron Reduction Cut: Cluster Shape Discrimination 

• Compare cluster energy & timing to library from MC 

2016/12/7 21 

Template of Gamma Cluster from MC 

Shower Shape analysis
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Neutron Reduction Cut: Pulse Shape Likelihood 
Signal waveform of calorimeter 

σ0 vs Log10(PulseHeight) a vs Log10(PulseHeight) 

2016/12/7 22 

Likelihood 
for gamma clusters 

Likelihood 
for neutron clusters 

Likelihood Ratio 

Summing up in all the crystals 

Pulse Shape analysis
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Reduction Factor 

Shape χ2 && 

Cluster Shape Discrimination 

Pulse Shape Likelihood 

Estimation of Neutron Background 

2016/12/7 23 

Al Target Data (before neutron cut) Physics Data (before neutron cut) 

Normalized with the number of events in red box 

Total Reduction Factor =  

Reduction Neutron background



For further X10 reductio 
- CsI Both-End read-out 
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New photo sensor upstream
● Both-end readout of CsI crystal → new project

– Longitudinal position with timing difference

● New 6mm□  MPPC with Silicone window

– Low mass, UV sensitive → ~20% photo detection for 310nm

500 MeV γ

1GeV neutron
 (downstream
        incident)

Light  from 
neutron

Light from
gamma

PMT
500mm

Timing difference (ns) Cut position (ns)

E
ff

ci
en

cy
~1 order 

   rejection!

Study on going

Study of neutron cluster events

• Remove cluster shape cut  to enhance 
neutron clusters events

• Use Al target data to develop new cuts and 
estimate # of BG inside the signal box

• Confirm event property to be similar 
between Al target and physics run.

Al target 

Al target run physics run 

nn n

30
14年9月5日金曜日
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��ǒǎǦǨnŰǙǪǤ 

5 

• < 2.0 GeV/c 
• ~106 K-/spill 

Muon • 30 GeV proton 
• <31 GeV/c unseparated 2ndary 

beams (mostly pions), ~107/spill 

• < 1.1 GeV/c 
• ~105 K-/spill 

• < 1.2 GeV/c 
• ~106 K-/spill 

• <10 GeV/c separated 
pion, kaon, pbar 

• ~107/spill K-, pbars 

• 5 deg extraction 
• ~5.2 GeV/c K0 

• Good n/K 

• < 2.0 GeV/c 
• 1.8x108 pion/spill 
• x10 better Dp/p 

105 m 

Hadron Hall Extension



In near future
To perform precise measurement of the branching 
ratio (KOTO II) 

It is worth to design an experiment to determine 
branching ratio with comparable uncertainty to that 
of the theoretical calculation 

 For the experiment 

Correct understanding all background sources 

Higher beam intensity 

Larger detector acceptance

157



Summary
The J-PARC is providing high intensity proton 
beam to study variety fields of science.  

 KOTO aims at the precise measurement of 
branching ratio of the KL➔π0νν decay 

Important role to understand new physics 
effects 

Step-by-step approach to determine its 
branching ratio precisely. 

With the hadron hall extension 

KOTO-II will be performed
158
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1 MW 

High intensity

Precision Meas. 
Rare phenomena

New Science

Jie Wei / Y.Yamazaki
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http://www.lnf.infn.it/wg/vus/content/Krare.html

Figure 1: The predicted region for BR(KL →
π0νν̄) versus BR(K+ → π+νν̄) without im-
posing the constraint from ϵK in the split-
family model. The green line corresponds to
the Grossman-Nir bound. The dashed red
lines denote the experimental bounds with
1σ for BR(K+ → π+νν̄). The pink denotes
the SM with 3σ.

Figure 2: The predicted region for BR(KL →
π0νν̄) versus BR(K+ → π+νν̄) with impos-
ing ϵK in the split-family model. The green
line corresponds to the Grossman-Nir bound.
The dashed red lines denote the experimen-
tal bounds with 1σ for BR(K+ → π+νν̄).
The pink denotes the SM with 3σ.

large contribution of the relatively light squarks to ϵK , the phases φuL
13 and φuL

23 , which are
associated with flavor mixing angles, should be tuned. We show the φuL

13 − φuL
23 dependence

of BR(KL → π0νν̄) and ϵK in figs.3 and 4, where suL13 = suL23 = 0.3 and µ = 1.5 TeV are
fixed to show the correlation between them clearly. It is found that the experimental allowed
region of ϵK restricts φuL

13 − φuL
23 in the very narrow region around 0, ±π/2 and ±π. The

phase cycle in the branching ratio BR(KL → π0νν̄) is a half of the one in ϵK 1. Therefore,
the enhancement of BR(KL → π0νν̄) is realized at φuL

13 − φuL
23 ≃ 1.4 radian, where ϵK is

enough suppressed. This value is somewhat deviated from π/2 because of the extra CKM
rotation for the chargino interaction as seen in Eq.(22). At φuL

13 − φuL
23 ≃ −1.4 radian, the

SUSY contribution to the KL → π0νν̄ process is the opposite to the SM one, and then the
branching ratio is suppressed compared with the SM prediction.

We have neglected the left-handed down-type squark mixing, which contributes to ϵK
through the gluino/neutralino box diagram, in order to see the correlation between ϵK and
BR(KL → π0νν̄) by the phase tuning of the chargino interaction clearly. Even if we include
the left-handed down-type squark mixing angles and phases as the same magnitude as the up-
type ones, which is suggested by the MSSM, we can also tune φuL

13 −φuL
23 to suppress the SUSY

contribution to ϵK . The imaginary part of the gluino/neutralino box contribution disappears,
for example, just at φdL

13 − φdL
23 = π/2 since there is no extra CKM rotation in contrast to

the chargino interaction. Therefore, the chargino and gluino/neutralino contributions to ϵK
necessarily cancel each other between 1.4 ∼ π/2 radian as expected from fig. 3. Actually, we
have found that the enough suppression of the SUSY contribution to ϵK is realized at around
1.5 radian. This shift of the phase tuning changes our predicted branching ratio of fig.2 only
in a few percent. Therefore, the neglect of the left-handed down-type squark mixing does

1The interpretation of the relation between the phase dependence of K → πνν̄ and the one of ϵK was
discussed in ref. [15].

9
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Non-Lagrangian Models of Current Algebra*
KKgNK'rig G. %&LSON)

I.aboratory of Euclear Studies, Cornell University, Ithaca, Eevjfj York 444'50
(Received 25 November 1968)

An alternative is proposed to specific Lagrangian models of current algebra. In this alternative there are
no explicit canonical fields, and operator products at the same point Lsay, j„(x)j&(x)g have no meaning.
Instead, it is assumed that scale invariance is a broken symmetry of strong interactions, as proposed by
Kastrup and Mack. Also, a generalization of equal-time commutators is assumed: Operator products at
short distances have expansions involving local Gelds multiplying singular functions. It is assumed that the
dominant fields are the SU(3)&&SU(3) currents and the SU(3)XSU(3) multiplet containing the pion field.
It is assumed that the pion field scales like a field of dimension 6, where d, is unspecified within the range
1&6(4; the value of 6 is a consequence of renormalization. These hypotheses imply several qualitative
predictions: The second Weinberg sum rule does not hold for the difference of the E* and axial-X* propa-
gators, even for exact SU(2})&SU(2};electromagnetic corrections require one subtraction proportional to
the I= 1, I,=O 0 field; q ~ 3m. and m 0 ~ 2y are allowed by current algebra. Octet dominance of nonleptonic
weak processes can be understood, and a new form of superconvergence relation is deduced as a consequence.
A generalization of the Bjorken limit is proposed.

I. INTRODUCTION
'HERE are a number of problems in strong inter-
actions which involve the short-distance behavior

of the SU(3)&(SU(3) currents but which cannot be
solved by Gell-Mann's current algebra' alone. These
problems include the convergence or divergence of
Weinberg sum rules, ' divergences in radiative correc-
tions to strong interactions, the nature of the Bjorken
limit, ' etc. Various models have been proposed to
handle these problems, such as the algebra of fields, 4
the quark model, or the 0. model. ' These models give
conflicting answers to some of the problems mentioned.
One therefore must consider what further alternatives
to these models exist, and hence to get an idea of the
range of answers possible to the problems listed.
This paper presents a framework in which one can

discuss some alternatives to specific Lagrangian models.
The present framework does not involve Lagrangians:
There are no canonical fields in the formalism, and
operator products at the same point, for example, the
product j„(x)j&(x) of two currents, have no meaning.
To replace the Lagrangian methods of analyzing short-
distance behavior, two hypotheses are proposed. The
first is that the strong interactions become scale-in-
variant at short distances. This was proposed by Kas-
trup and Mac. ' This means that scale invariance is a
broken symmetry in the same sense as chiral SU(3)
XSU(3). The other hypothesis is that there exist

* Supported in part by the OfFice of Naval Research,
f The author thanks the Alfred P. Sloan Foundation for support.' M. Gell-Mann, Phys. Rev. 125, 1067 (1962); Physics 1, 63

(1964).' S. Weinberg, Phys. Rev. Letters 18, 507 (1967); S. Glashow,
H. Schnitzer, and S. Weinberg, ibid. 19, 139 (1967); T. Das,
V. Mathur, and S. Okubo, ibid. 18, 761 (1967).' J. D. Bjorken, Phys. Rev. 148, 1467 (1966).

'- T. D. Lee, S. steinberg, and B. Zumino, Phys. Rev. Letters
18, 1029 (1967).' M. Levy, Nuovo Cimento 52A, 23 (1967);M. Gell-Mann and
M. Levy, ibm. 16, 705 (1960).' G. Mack, Nucl. Phys. B5, 499 (1968), and references cited
therein.
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"operator-product. expansions" for products of two (or
more) local fields near the same point. For example,
one can construct expansions for products such as
j„(x)j„(y) or j„(x)j„(y)j (z) when y and z are near x.
These expansions contain functions m'hich are singular
when y=x or y is on the light cone through x. These
expansions give a more detailed picture of the short-
distance behavior of products than one gets if one only
knows equal-time commutators. These expansions origi-
nated in detailed studies of renormalization in pertur-
bation theory. ' The importance of scale invariance for
the analysis of short-distance behavior is apparent in
the power-counting arguments of Dyson and in the
relation betw'een the renormalizability of an interaction
and its dimension, pointed out by Umezawa et al. "
Scale invariance is sometimes thought of as a feature

special to certain strictly Lagrangian theories. However,
an analysis of the Thirring model' shows tha, t scale
invariance can persist in a theory where, for example,
the canonical commutators have been destroyed by
renormalization effects. (The Thirring model involves
a spinor field in one space, one time dimension with a
Fermi coupling. ) While scale invariance persists, the
scaling laws for particular fields change as the coupling
constant changes. This will be assumed to hold for
strong interactions also, so that the scaling laws for
strongly interacting fields will be assumed to differ
(because of renormalization effects) from free fields.
The hypotheses of this paper leave much to be deter-

mined; nevertheless, when combined in a simple way
with current algebra, one can make a, number of qualita-
tive predictions. The applications considered in this

J. Valatin Proc. Roy. Soc. (London) A222, 93 (1954); A222
228 (1954);A)25, 535 (1954); A226, 254 (1954);W. Zimmermann,
Nuovo Cimento 10, 597 (1958); K. Nishijima, Phys. Rev. 111,
995 (1958);R. Haag, ibg'd. 112, 668 {1958);R. Brandt, Ann. Phys.
(N. Y.) 44, 221 (1967);W. Zimmermann, Commun. Math. Phys.
6, 161 (1967).' S. Sakata H. Umezawa, and S. Kamefuchi, Progr. Theoret.
Phys. (Kyoto 7, 377 (1952); H. Umezawa, ibM 7, 551 (1952). .
s See K. Johnson, Nuovo Cimento 20, 773 (1961).
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Abstract

A non-technical description of the Operator Product Expansion and Renormalization Group

techniques as applied to weak decays of mesons is presented. We use this opportunity to

summarize briefly the present status of the next-to-leading QCD corrections to weak decays

and their implications for the unitarity triangle, the ratio ε′/ε, the radiative decay B → Xsγ,

and the rare decays K+ → π+νν̄ and KL → π0νν̄.
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Amplitude for a decay of a given meson M 
into a final state F is given as

Fermi Constant : Universal gauge coupling of the Weak int. 

CKM Matrix Element : Quark mixing 

Wilson Coefficient : Short distance (perturbative) contribution 

      Hadronic matrix elements : Long distance (non-perturbative) 



Branching ratio 
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From measured values

Precise measured Cabibbo angle



Branching ratio 
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From measured values

Precise measured Cabibbo angle

Long distance contribution

Lim-Inami function  
Short distance contribution

To get the matrix-elements of these 
operators, and to carry out the phase-space 
integration. parametrization with Ke3 decay
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Determination of the Br. 
- Using loop-level observables - 

169

4 CKM inputs from loop-level observables 17

{|"
K

|, �M
d

/�M
s

, S
 K

S

}
SM

{�M
d

, �M
s

, S
 K

S

}
SM

{|"
K

|, �M
d

, �M
s

, S
 K

S

}
SM

|V
cb

| [10�3] 42.59+1.41

�1.26

41.30+2.65

�2.47

42.35+1.25

�1.13

|V
ub

| [10�3] 3.62+0.15

�0.14

3.51+0.27

�0.25

3.61+0.15

�0.14

|V
td

| [10�3] 8.96+0.28

�0.28

8.68+0.66

�0.62

8.95+0.27

�0.28

|V
ts

| [10�3] 41.79+1.43

�1.27

40.52+2.60

�2.42

41.55+1.27

�1.14

B(K+ ! ⇡+⌫⌫̄) [10�11] 9.18+0.79

�0.71

8.39+1.76

�1.41

9.08+0.74

�0.68

B(K
L

! ⇡0⌫⌫̄) [10�11] 3.01+0.33

�0.29

2.66+0.84

�0.63

2.98+0.32

�0.28

B(B
s

! µ+µ�) [10�9] 3.69+0.30

�0.26

3.46+0.49

�0.43

3.64+0.27

�0.24

B(B
d

! µ+µ�) [10�10] 1.09+0.08

�0.08

1.02+0.17

�0.15

1.09+0.08

�0.08

Im(�
t

) [10�4] 1.43+0.08

�0.07

1.35+0.20

�0.17

1.42+0.07

�0.07

Re(�
t

) [10�4] �3.46+0.18

�0.19

�3.25+0.40

�0.45

�3.43+0.17

�0.18

Table 3: Results of the fit to the CKM matrix elements for various combinations of inputs

as detailed in strategy B, and the corresponding observable predictions.

precise result for |V
cb

| than the alternative of using �M

d

and �M

d

separately, as
well as favouring a higher central value. The most accurate determination (given in
the last column of the table), follows from including all inputs. The corresponding
CKM matrix elements of interest are:

|V
ub

| = (3.61 ± 0.14) ⇥ 10�3

, |V
cb

| = (42.4 ± 1.2) ⇥ 10�3

,

|V
td

| = (8.94 ± 0.27) ⇥ 10�3

, |V
ts

| = (41.6 ± 1.2) ⇥ 10�3

. (4.8)

For completeness, we give here the sides of the UT as determined from our full
fit, that read

R

t

= 0.937 ± 0.032, R

b

= 0.368 ± 0.013, (4.9)

while its angles are

↵ = (89.0 ± 5.0)�

, � = (21.5 ± 0.8)�

, � = (69.5 ± 5.0)�

, (4.10)

and its apex

%̄ = 0.129 ± 0.030, ⌘̄ = 0.344 ± 0.017. (4.11)

The precision on R

t

, � and |V
cb

| using the above strategy is already impressive,
and will continue to improve with new lattice results. Using for instance the im-

proved error estimates for ⇠ and f

Bs

q
B̂

Bs from [31] (keeping the central values

from [44]) we find the very precise results:

|V
cb

| = (42.0 ± 0.9) ⇥ 10�3

, � = (70.8 ± 2.3)�

, R

t

= 0.945 ± 0.015. (4.12)

In Figure 5 we show the fitted ranges for |V
ub

| and |V
cb

| and compare them with
the inclusive, exclusive and our averaged values in (3.1)–(3.3). We distinguish be-
tween three di↵erent cases: the blue area corresponds to the fitted range of |V

ub

| and

A. Buras, arXiv:1503.02693
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Abstract 

We analyze the decay KL + r”vV in a model independent way. If lepton flavor is conserved the final state is (to a 
good approximation) purely CP even. In that case this decay mode goes mainly through CP violating interference between 
mixing and decay. Consequently, a theoretically clean relation between the measured rate and electroweak parameters holds 
in any given model. Specifically, r( KL -+ #vD)/r (K+ + r+vV) = sin’ 6 (up to known isospin corrections), where 0 is 
the relative CP violating phase between the K - I? mixing amplitude and the s + dvF decay amplitude. The experimental 
bound on BR( K+ + &vV) provides a model independent upper bound: BR( KL + T”vY) < 1.1 x  lo-‘. In models with 
lepton flavor violation, the final state is not necessarily a CP eigenstate. Then CP conserving contributions can dominate 
the decay rate. @ 1997 Published by Elsevier Science B.V. 

In the Standard Model KL + n-‘ovV is dominantly a 
CP violating decay [ I]. The main contributions come 
from penguin and box diagrams with an intermediate 
top quark and can be calculated with very little theo- 
retical uncertainty [ 2,3]. It then provides a clean mea- 
surement of the Wolfenstein CP violating parameter 7 
or, equivalently, of the Jarlskog measure of CP viola- 
tion J and, together with Kf + T+vV, of the angle p 
of the unitarity triangle [ 31. The Standard Mode1 pre- 
dictions are BR( Kf 4 n+vij) = (9.1 f3.2) x  lo-” 
and BR(KL + V~OVV) = (2.8 % 1.7) x lo-” [4]. 
Such rates are within the reach of near future exper- 
iments [ 41. The Standard Mode1 contributions to the 
amplitude are fourth order in the weak coupling and 
proportional to small CKM matrix elements. Conse- 

* Research supported by the Department of Energy under contract 
DE-ACO3-76SFOOS 15. 

quently, this decay can be sensitive to new physics 
effects [ 5 ] . 

In this paper we study the K + n-ufi decay in a 
mode1 independent way. We are mainly interested in 
the question of what can be learned in general if a rate 
for KL + ?r”vF much larger than the Standard Model 
prediction is observed. We find that the information 
from a measurement of the rate is particularly clean 
and simple to interpret if lepton flavor is conserved. In 
this case the KL + n-‘ovV decay is dominated by CP vi- 
olation in the interference between mixing and decay. 
The theoretical calculation of the decay rate is then 
free of hadronic uncertainties and allows a clean deter- 
mination of CP violating parameters even in the pres- 
ence of new physics. Knowledge of neither the mag- 
nitudes of the decay amplitudes nor the strong phases 
is required. Models with Z-mediated flavor changing 
neutral currents serve as an example of these points. 
In models with lepton flavor violation, the final n-OovV 

0370-2693/97/$17X)0 @ 1997 Published by Elsevier Science B.V. All rights reserved. 
PI I SO370- 2693( 97) 002 ' 0- 4  



Stopped Kaon (800 MeV/c) in target 

Main Backgrounds: 

K+ incident, only one charged particle, 
171

BNL E787 : Search for 
VOLUME 76, NUMBER 9 P HY S I CA L REV I EW LE T T ER S 26 FEBRUARY 1996

FIG. 1. Schematic (a) side and (b) end views showing the
upper half of the E787 detector. Č: beam Čerenkov counter;
B4: beam hodoscope; I and T: trigger scintillators; RSPC:
multiwire proportional chambers.

K1 decay modes are the most important background
sources. K1 ! m1nm (Km2), a two-body decay with a
64% branching ratio, produces a 236 MeVyc m1. K1 !
p1p0 (Kp2), a two-body decay with a 21% branching
ratio, produces a 205 MeVyc p1. Since the K1 !
p1nn momentum spectrum extends to 227 MeVyc, we
can search for it either above or below the Kp2 peak.
While there is more phase space with Pp , 205 MeVyc,
interactions with detector material can shift a Kp2 pion
down into this region, making the background severe [13];
in this paper, we report on the search above the Kp2 peak.
The dominant source of pions with Pp . 205 MeVyc is
beam pions—about two-thirds of the beam particles are
pions—that scatter from the target into the range stack.
The search for K1 ! p1nn follows a threefold strat-

egy: (i) the incident beam particle is identified as a K1

that has stopped in the target, with no beam particles at
the apparent kaon decay time; (ii) the only observed decay
product is a single charged-particle track identified as a
p1 that must be delayed in time with respect to the kaon;
(iii) the energy, range, and momentum of the p1 each
lie between the Kp2 and Km2 peaks. A multilevel trig-
ger employs each of these elements to reject background
events on-line, while the analysis makes more refined use

of detector information for further rejection. Km2 can sur-
vive only if the muon is misidentified as a pion and the
kinematics are reconstructed incorrectly. Kp2 can survive
only if both photons from the p0 decay are missed and the
kinematics are reconstructed incorrectly. Scattered beam
pions can survive only if the p1 is misidentified as a K1

with the scattered track mismeasured to be delayed, or if
it is missed by the beam counters and follows a K1. The
measures taken to deal with the main background sources
are also very effective against other backgrounds, such
as radiative Km2 decays or K1 charge exchange inter-
actions followed by K0

L ! p1l2nl. Backgrounds from
other K1 decay modes were examined and found to be
negligible.
After establishing the overall analysis strategy, we

adjusted the cuts with the intention of reducing the total
expected background to significantly under one event in
the final sample. The final cuts used were developed
during studies of the known background processes. In
these studies, we take advantage of the redundant methods
available for the rejection of each background by dividing
the cuts used to suppress it into two groups. One group
of cuts is relaxed or inverted to enhance the background
sample, then the other group is applied and its rejection
is measured. This background-study technique allows us
to use data to infer background levels of less than one
event. For example, a large sample of Km2 background
events is obtained by removing the transient digitizer
particle identification cuts, and this sample is used to
measure the Km2 rejection of the kinematic analysis.
Similarly, the transient digitizer rejection is measured with
kinematically selected muons. Assuming these rejections
are independent, they are combined and used to estimate
the number of Km2 events that will survive the full
analysis. Correlations between the two groups of cuts will
introduce an error in the background estimates from this
method, and we group the cuts to minimize these effects.
The detector calibration procedures and analysis soft-

ware used for the final analysis presented here [14] have
been refined considerably since Ref. [12]. Improvements
included increased acceptance of the transient digitizer
particle identification cuts and improved kinematic resolu-
tions with reduced kinematic tails. An initial analysis [15]
had been completed before the calibration and software
improvements were finished, observing background in ex-
cess of predictions. The final analysis had a significantly
higher acceptance and did not suffer from some anomalies
in the transient digitizer signals and the kinematic recon-
struction that may have affected the background predic-
tions in the initial analysis.
The background from Km2 (including K1 ! m1nmg)

was evaluated by separately measuring the rejections of
the transient digitizer particle identification and kinematic
cuts, and is estimated to be less than 0.15 events. The
background from Kp2 was evaluated by separately mea-
suring the rejections of the photon veto and kinematic cuts,
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FIG. 1. Schematic (a) side and (b) end views showing the
upper half of the E787 detector. Č: beam Čerenkov counter;
B4: beam hodoscope; I and T: trigger scintillators; RSPC:
multiwire proportional chambers.
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are independent, they are combined and used to estimate
the number of Km2 events that will survive the full
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method, and we group the cuts to minimize these effects.
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included increased acceptance of the transient digitizer
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tions with reduced kinematic tails. An initial analysis [15]
had been completed before the calibration and software
improvements were finished, observing background in ex-
cess of predictions. The final analysis had a significantly
higher acceptance and did not suffer from some anomalies
in the transient digitizer signals and the kinematic recon-
struction that may have affected the background predic-
tions in the initial analysis.
The background from Km2 (including K1 ! m1nmg)
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the transient digitizer particle identification and kinematic
cuts, and is estimated to be less than 0.15 events. The
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suring the rejections of the photon veto and kinematic cuts,
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and is estimated to be less than 0.14 event. The back-
ground from beam pion scattering was evaluated by sepa-
rately measuring the rejections of the beam counter and
timing cuts, and is estimated to be less than 0.07 event.
Monte Carlo studies indicated that the background from
K1 charge exchange interactions was about 0.1 event.
Figure 2(a) shows the range in scintillator versus kinetic

energy for charged tracks in the final sample. Only events
with a measured charged track momentum in the accepted
region 211 # Pp # 243 MeVyc are plotted. The rect-
angular box defines the search region in kinetic energy
(115 # Tp # 135 MeV, corresponding to 213 # Pp #
236 MeVyc) and range (34 # Rp # 40 cm of scintilla-
tor, corresponding to 214 # Pp # 231 MeVyc), and en-
closes the upper 15% of the K1 ! p1nn phase space.

FIG. 2. Charged-track range vs kinetic energy for (a) data
and (b) K1 ! p1nn Monte Carlo for events satisfying the
selection criteria (see text) and having measured momentum
211 # Pp # 243 MeVyc. The rectangular box indicates the
search region for K1 ! p1nn and K1 ! p1X0 (MX0 ¯
0). The horizontal and vertical dashed lines in (b) are the
theoretical end points of K1 ! p1nn in range and energy,
respectively.

Note that the range cut defines the kinematic search region.
No events are observed in the signal region. There are six
events above the signal region, which is consistent with the
5.5 6 0.6 expected from the Km2 background study. The
events clustered at Tp ≠ 108 MeV and Rp ≠ 30 cm are
Kp2 decays where both photons from the p0 are missed.
The number of such events is consistent with Monte Carlo
estimates of the photon detection inefficiency [16].
Where possible, we used calibration data taken simul-

taneously with the physics data for the acceptance calcu-
lation. We relied on Monte Carlo estimates for only the
solid angle coverage, the accepted region of the p1 spec-
trum, and the losses from p1 nuclear interactions and de-
cays in flight. The p1 spectrum for K1 ! p1nn was
calculated using a standard model matrix element with
massless neutrinos [17]. Figure 2(b) shows the spectrum
of Monte-Carlo–simulated K1 ! p1nn after the full
analysis. Km2 calibration data were used to measure losses
from the beam analysis, from the charged track reconstruc-
tion inefficiency, from the K1 ! p1 delayed coincidence
requirement, and from accidental energy depositions at the
kaon decay time above our approximately 1 MeV photon
veto threshold. Scattered beam pion data were used to
measure the acceptance of the transient digitizer and kine-
maticp1ym1 separation cuts. The acceptance calculation
is summarized in Table I, resulting in a total acceptance
of 0.0027 for K1 ! p1nn and 0.0127 for K1 ! p1X0

(MX0 ≠ 0). The uncertainty in the acceptance has a neg-
ligible effect on limits set with these data.
During typical running conditions, 3 3 105 kaons en-

tered the stopping target per 1.5 s beam spill. We mea-
sure the fraction that decayed at rest in the target to be
0.65 using an analysis ofKm2 data and the well knownKm2
branching ratio. This normalization to Km2 removes some
sources of systematic error from our sensitivity. Our final
measured exposure for these data is 3.49 3 1011 stopped
kaons. The acceptance (especially the Monte Carlo simu-
lation of p1 nuclear interactions) and stopping fraction

TABLE I. Acceptance factors for K1 ! p1nn and K1 !
p1X0 (MX0 ≠ 0). Each table entry represents the acceptance
from a number of related cuts.
Category p1nn p1X0

Solid angle 0.43 0.43
p1 spectrum 0.15 0.73
p1 nuclear absorption 0.53 0.50
p1 decay in flight 0.92 0.92
K1 ! p1 delayed coincidence 0.75 0.75
p1ym1 kinematics 0.87 0.88
p1 ! m1 transient digitizer tagging 0.41 0.41
m1 ! e1 transient digitizer tagging 0.84 0.84
Accidental vetoes 0.67 0.67
Beam analysis 0.84 0.84
Reconstruction 0.69 0.69
Net acceptance 0.0027 0.0127
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energy (E) of charged decay products were made using
the target, a central drift chamber [13], and a cylindrical
range stack with 21 layers of plastic scintillator and two
layers of straw tube tracking chambers. Pions were dis-
tinguished from muons by kinematics and by observing
the p ! m ! e decay sequence in the range stack using
500-MHz flash-ADC transient digitizers (TD) [14]. Pho-
tons were detected in a 4p-sr calorimeter consisting of
a 14-radiation-length-thick barrel detector made of lead/
scintillator and 13.5 radiation lengths of undoped CsI
crystal detectors (also read out using CCD digitizers) cov-
ering each end [15]. In addition, photon detectors were
installed in the extreme forward and backward regions,
including a Pb glass Čerenkov detector just upstream of
the target. A 1-T solenoidal magnetic field was imposed
on the detector for the momentum measurements.
In the search for K

1 ! p1nn̄, we required an iden-
tified K

1 to stop in the target followed, after a delay of
at least 2 ns, by a single charged-particle track that was
unaccompanied by any other decay product or beam par-
ticle. This particle must have been identified as a p1

with P, R, and E between the Kp2 and Km2 peaks. A
multilevel trigger selected events with these characteris-
tics for recording, and off-line analysis further refined the
suppression of backgrounds. To elude rejection, Km2 and
Kp2 events would have to have been reconstructed in-
correctly in P, R, and E. In addition, any event with a
muon would have to have had its track misidentified as a
pion—the most effective weapon here was the measure-
ment of the p ! m ! e decay sequence which provided
a suppression factor 1025. Events with photons, such as
Kp2 decays, were efficiently eliminated by exploiting the
full calorimeter coverage. The inefficiency for detecting
events with p0s was 1026 for a photon energy thresh-
old of about 1 MeV. A scattered beam pion could have
survived the analysis only by misidentification as a K

1

and if the track were mismeasured as delayed, or if the
track were missed entirely by the beam counters after a
valid K

1 stopped in the target. CEX background events
could have survived only if the K

0
L

were produced at low
enough energy to remain in the target for at least 2 ns, if
there were no visible gap between the beam track and the
observed p1 track, and if the additional charged lepton
went unobserved.
The data were analyzed with the goal of reducing the

total expected background to significantly less than one
event in the final sample. In developing the required re-
jection criteria (cuts), we took advantage of redundant
independent constraints available on each source of back-
ground to establish two independent sets of cuts. One set
of cuts was relaxed or inverted to enhance the background
(by up to 3 orders of magnitude) so that the other group
could be evaluated to determine its power for rejection.
For example, Km2 (including K

1 ! m1nmg) was studied
by separately measuring the rejections of the TD particle
identification and kinematic cuts. The background from
Kp2 was evaluated by separately measuring the rejections

of the photon detection system and kinematic cuts. The
background from beam pion scattering was evaluated by
separately measuring the rejections of the beam counter
and timing cuts. Measurements of K

1 charge exchange in
the target were performed, which, used as input to Monte
Carlo studies, allowed the background to be determined.
Small correlations in the separate groups of cuts were in-
vestigated for each background source and corrected for if
they existed.
The background levels anticipated with the final analy-

sis cuts were b

Km2 ≠ 0.02 6 0.02, b

Kp2 ≠ 0.03 6 0.02,
bbeam ≠ 0.02 6 0.01, and bCEX ≠ 0.01 6 0.01. In to-
tal, b ≠ 0.08 6 0.03 background events were expected
in the signal region [16]. Further confidence in the back-
ground estimates and in the measurements of the back-
ground distributions near the signal region was provided
by extending the method described above to estimate
the number of events expected to appear when the cuts
were relaxed in predetermined ways so as to allow or-
ders of magnitude higher levels of all background types.

FIG. 1. (a) Range R vs energy E distribution for the K

1 !
p1nn̄ data set with the final cuts applied. The box enclosing
the signal region contains a single candidate event. (b) The
Monte Carlo simulation of K

1 ! p1nn̄ with the same cuts
applied.
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
decay amplitudes A and A, 

A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
CP transformation. We further define the components 
of interaction eigenstates in mass eigenstates, p and q: 

Iks) = PI0 7 410. (2) 

Note that lq/pI is measured by the CP asymmetry in 
KL + dv and is very close to unity: 1 - lq/pI = 

2Re E. Finally, we define a quantity A, 

A-44. 
PA 

The decay amplitudes of KL and KS into a final 7r”vV 
state are then 

(~“~VIH]K~,~) = pA F q.% (4) 

and the ratio between the corresponding decay rates is 

I-(KL + T~OVV) 1 + IAl2 - 2ReA 
l-(Ks --+ m-‘VP) = 1 +]Aj2+2ReA’ 

(5) 

We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
deviation of lq/pI from unity is experimentally mea- 
sured and is 0( 10-s). The deviation of (A/AI from 
unity is expected to be even smaller: such an effect re- 
quires contributions to the decay amplitude which dif- 
fer in both strong and weak phases [ 61. While in the 
presence of new physics we could easily have more 
than a single weak phase involved, we do not expect 
the various amplitudes to differ in their strong phases. 
An absorptive phase comes from light intermediate 
states. In the language of quark subprocesses, only an 
intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
B --f @KS, where a very clean theoretical analysis is 
possible [ 61. 

CP Limit (CP symmetry is exact)

CP EVEN                                  CP ODD
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
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A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
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and the ratio between the corresponding decay rates is 
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We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
can induce CP conserving contributions. For example, 

K( &,J,T) (FiLy”dUyva) will lead to an amplitude that 
is proportional to pr . ( pp - pv ) and, consequently, to 
a CP odd final state. However, these contributions are 
O(&&) N lop4 compared to the leading CP vio- 
lating ones and can be safely neglected. (In the Stan- 
dard Model this operator arises from the box diagram 
when external momenta are not neglected.) With mas- 
sive neutrinos, new CP conserving operators arise, e.g. 
KV(qVi). The final state is now equivalent (in the 
Lorentz and CP properties) to a two-body rH* state 
(where H is a scalar), which is CP odd. However, as- 
suming that any right-handed component in the light 
neutrinos is due to their masses, this amplitude is pro- 
portional to the neutrino mass and again negligible. 
We conclude then that, for any model where lepton 
favor is conserved, the CP conserving transition am- 
plitude for KL + ?r”vV is highly suppressed and can 
be neglected. 

If the final state r”ovV is CP even, then KL -+ n-“vi; 
vanishes in the CP limit. This can be seen directly from 
Eq. (5): if CP is a good symmetry then [q/pi = 1, 
IA/AI = 1 and A = 1. With CP violation we can still 
neglect CP violation in the mixing (lq/pj # 1) and 
in the decay (IA/AI # 1). As mentioned above, the 
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An absorptive phase comes from light intermediate 
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intermediate up quark could contribute. But there is a 
hard GIM suppression that makes these contributions 
negligibly small [ IO- 14,3]. Therefore, it is safe to as- 
sume that ]A( = 1 to 0( IO-“) accuracy. The leading 
CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
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without R-parity), 
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CP violating effect is then Im A # 0, namely inter- 
ference between mixing and decay. This puts the ratio 
of decay rates (5) in the same class as CP asymme- 
tries in various B decays to final CP eigenstates, e.g. 
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possible [ 61. 
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state is not necessarily a CP eigenstate. We show that 
in this case the CP conserving contributions can be 
significant and even dominant. The results are still in- 
formative but more complicated to interpret, as they 
depend on both CP violating and lepton flavor violat- 
ing parameters. We give an explicit example of mod- 
els with leptoquarks (or, equivalently, supersymmetry 
without R-parity), 

Our notation follows Refs. [ 6,7]. We define the 
decay amplitudes A and A, 

A = (~~v,lHIti), A = (,“v~~H~~). (1) 

If the final n-‘ovV is a CP eigenstate then in the CP limit 
1 A/A 1 = 1; if it is not then A and A are not related by a 
CP transformation. We further define the components 
of interaction eigenstates in mass eigenstates, p and q: 

Iks) = PI0 7 410. (2) 

Note that lq/pI is measured by the CP asymmetry in 
KL + dv and is very close to unity: 1 - lq/pI = 

2Re E. Finally, we define a quantity A, 

A-44. 
PA 

The decay amplitudes of KL and KS into a final 7r”vV 
state are then 

(~“~VIH]K~,~) = pA F q.% (4) 

and the ratio between the corresponding decay rates is 

I-(KL + T~OVV) 1 + IAl2 - 2ReA 
l-(Ks --+ m-‘VP) = 1 +]Aj2+2ReA’ 

(5) 

We first assume that the final state is purely CP 
even. This is the case to a good approximation when 
lepton flavor is conserved. In general, a three-body fi- 
nal state does not have a definite CP parity. However, 
for purely left-handed neutrinos (which is presum- 
ably the case if neutrinos are massless), the lowest di- 
mension term in the effective Hamiltonian relevant to 
KL + v”vF decay is K(d,r) (FiLrC”ViL). Using the 
CP transformation properties of the leptonic current, 
we find that this interaction ‘forces’ the ViYi system 
into a state of well-defined CP, namely CP even. As 
far as Lorentz and CP transformation properties are 
concerned, we can then think of the final TVS state 
as a two-body 7.rZ* state which, when produced by 

KL decay (namely, carrying total angular momentum 
J = 0)) is CP even [ 8,9]. Higher dimension operators 
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presence of new physics we could easily have more 
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The process KL ~+ vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
=few X 10 ' . The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of —1 /o can be extracted from previous data
on KL—+2m. . This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached, a theoretically clean determination of
the KM product sin02sin03sin5 can be made.

The Glashow-Iliopoulos-Maiani- (GIM-) mechanism'-
suppressed processes K +~m. +vv (Refs. 2—5) and
KL ~m. e+e (Ref. 6) have been much discussed recently
as tests of the standard model (SM). In each case the
current experimental limit ' lies more than 2 orders of
magnitude above the SM prediction, affording a large
window for new physics. If the predicted levels can be
reached, these decays put interesting constraints on the
Kobayashi-Maskawa (KM) matrix parameters and on
the top-quark mass. The latter process is particularly in-
teresting from the point of view of CP since the predicted
direct CP violation is of the same order of magnitude as
the indirect (state-mixing) contribution. By contrast, rel-
atively little attention has been paid to the closely related
and no less interesting process KL ~m vv (Ref. 10). As I
will discuss below, this decay is expected to have a
branching ratio of —10 ". Since there is no published
upper limit on this decay, it offers a potentially enormous
range in which to search for new effects. As in the case
of KL ~~ e+e, Ki ~~ vv is CP violating in leading
order. However, unlike the former process, there is no
potentially large, 2y-mediated CP-conserving contribu-
tion. " In fact the potential long-distance contributions
in general are suppressed by CP violation and/or the
GIM mechanism to extremely small levels.
In the excellent approximation that X+~m+vv and

K —+n vv are short-distance dominated, ' their ampli-
tudes are related by isospin: 2 (K ~n. vv) =(1/
&2)A (K+~m+vv). It then follows that the amplitudes
for decays of the CP eigenstates E, and Kz into ~ vv are
equal to the real and imaginary parts, respectively, of the
amplitude for K ~vr+vv (Ref. 10). Ignoring higher-
order CP-violating effects,

A (K vr vv)=eA (K, m vv)+A(K ~ vv) .

In principle this leads to interference effects, but as will
be shown, the first term is so much smaller than the
second that these can be ignored. Note that modulo very
small QCD corrections and assuming massless leptons, '

8(K+ tr vV)=8(K+ m e+v) 2'
16m sin 0~

X g V*, Vj.dD(x ).V„,

for each neutrino flavor, where sz, s3, and 5 are the usual
KM parameters. Currently favored values of the KM pa-
rameters and m, give 0.5—8.0X10 ' for the branching
ratio summed over three neutrino flavors. '
The branching ratio for the indirect CP-violating con-

tribution is then

K
8(KL ~tr vv), =i@i 3X0.70X10

X[D(x, )+sz(sz+s3cs )D (x, ) ]
while that of the direct is

B(KL ~m. vv)d;„„=
7 +

3 x0.70x10-'

X [s,s,ssD (x, )]'
In the context of the standard model with three genera-

tions, bounds have been derived ' on s2, s3, and to some
extent on 5 and m„ from measurements of or limits on
~b, 8(b~cev), 8 Bmixing, I (b~-uev)/I'(b~cev), ex-
clusive B decay branching ratios, E, E', etc. Neither ex-
periment nor theory is sufficiently advanced to allow
specific predictions, but sets of parameters which are con-

for each neutrino flavor, where V, are the KM matrix
elements, x.=(m. /mn, ), and D(x) is a kinematic func-
tion which is -0.004 for m„and of order 1 for reason-
able values of m, . Substituting for the constants and the
K 3 branching ratio, assuming small mixing angles, and
ignoring QCD corrections, '

8 (K+~n+vv) =0.70X 10 ~D(x, )+sz(s2+S3e' )

XD(x, )i
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Leading CP Violation effect : Phase  
Arbitrary phase between Direct and Indirect CP Violation
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As a result of this cleanliness, the CP violating phase 
can be extracted almost without any hadronic uncer- 
tainty, even if this phase comes from new physics. 
Specifically, defining 0 to be the relative phase be- 
tween the K - R mixing amplitude and the s --f dvF 
decay amplitude, namely A = e2”, we get from Eq. 
(5) 

r( KL + GT~~~) 1 - cos28 
[‘(K, + 7~‘vV) = 1 +cos2e 

= tan’ 6. (6) 

This ratio measures 0 without any information about 
the magnitude of the decay amplitudes. In reality it will 
be impossible to measure I( KS + T~ovV>. We can 
use the isospin symmetry relation, A(p + ~~0~6) 
/A( K’ --j s-+I@) = l/d, to replace the denomina- 
tor by the charged kaon decay mode: 

I -cos28 = 
2 

= sin2 8, (7) 

where Yis = 0.954 is the isospin breaking factor [ 151. 
The ratio (7) may be experimentally measurable, as 
the relevant branching ratios are 0( lo-“) in the Stan- 
dard Model and even larger in some of its extensions. 
It will provide us with a very clean measurement of 
the CP violating phase 0 which has a clear interpreta- 
tion in any given model. 

In the Standard Model, the penguin and box di- 
agrams mediating the s + dvfi transition get con- 
tributions from top and charm quarks in the loop. 
The charm diagrams carry the same phase as the 
mixing amplitude, arg( VcdVct,). The top diagrams de- 
pend on arg( &V,: ) , so that their phase difference 
from the mixing amplitude is the angle p of the uni- 
tarity triangle. Had the top contribution dominated 
both K,, - n”ovV and Ki + r+vF, we would have 
0 = p. However, while the charm contribution to 
KI. + n-“vovV is negligible, it is comparable to the top 
contribution to K+ -+ s-+vfi. Then we cannot di- 
rectly relate the experimentally-derived 0 of Eq. (7) 
to the model parameter p, and a calculation of the 
charm and top amplitudes is also needed [ 31. With 
new physics, the magnitude of the decay amplitude is 
generally not known. The ratio (7) is most useful if 
both K1. + TTOVC and Ki + r+vF are dominated by 
the same combination of mixing angles. The phase of 

this combination is then directly identified with 8, and 
we need not know any other of the new parameters. 

Eq. (7) allows us to set an upper bound on 
BR( KL --f n-OvV). Using sin2 8 < 1 and r~, /TKI = 
4.17, we have 

BR(KL+rovt) <4.4xBR(K++7~‘vv). (8) 

Using the 90% CL experimental upper bound [ 161 

BR( K+ -3 7T+vv 1 

we get 

BR( KL -+ n-‘vV) 

Actually, Eq. (8) 

< 2.4 x 10-9, (9) 

< 1.1 x lO-R. ( 10) 

assumes only isospin relations and 
does not even require that the final state is CP even. 
Therefore, the bound ( 10) is model independent. This 
bound is much stronger than the direct experimental 
upper bound [ 171 BR(KL + ~TOVF) < 5.8 x IO-‘. 

New physics can modify both the mixing and the 
decay amplitudes. The contribution to the mixing can 
be of the same order as the Standard Model one. How- 
ever, E = 0( 10-s) implies that any such new contribu- 
tion to the mixing amplitude carries the same phase as 
the Standard Model one (to 0( 10-j) ) On the other 
hand, the upper bound (9) which is about 30 times 
larger than the Standard Model prediction [ 31 allows 
new physics to dominate the decay amplitude (with 
an arbitrary phase). We conclude that the only rele- 
vant new contribution to ucp can come from the decay 
amplitude. This is in contrast to the B system where 
we expect significant effects of new physics mainly in 
the mixing amplitude (see, e.g. [ 181 1. 

We now give an explicit example of a new physics 
model with potentially large effects on KL_ + n-‘z@. 
We consider a model with extra quarks in vector-like 
representations of the standard Model gauge group, 

d4C3.1 )-l/-i + dJ(3. l),l/.b (11) 

Such (three pairs of) quark representations appear. 
for example, in GUTS with an E6 gauge group. It is 
well known that the presence of new heavy fermions 
with non-canonical SCJ(2) transformations (left- 
handed singlets and/or right-handed doublets) mixed 
with the standard leptons and quarks would give rise 
to tree level flavor changing neutral currents in Z 
interactions [ 191. Moreover, these flavor changing 

Y Grossman. I! Nir/Physics Letters B 398 (1997) 163-168 165 

As a result of this cleanliness, the CP violating phase 
can be extracted almost without any hadronic uncer- 
tainty, even if this phase comes from new physics. 
Specifically, defining 0 to be the relative phase be- 
tween the K - R mixing amplitude and the s --f dvF 
decay amplitude, namely A = e2”, we get from Eq. 
(5) 

r( KL + GT~~~) 1 - cos28 
[‘(K, + 7~‘vV) = 1 +cos2e 

= tan’ 6. (6) 

This ratio measures 0 without any information about 
the magnitude of the decay amplitudes. In reality it will 
be impossible to measure I( KS + T~ovV>. We can 
use the isospin symmetry relation, A(p + ~~0~6) 
/A( K’ --j s-+I@) = l/d, to replace the denomina- 
tor by the charged kaon decay mode: 

I -cos28 = 
2 

= sin2 8, (7) 

where Yis = 0.954 is the isospin breaking factor [ 151. 
The ratio (7) may be experimentally measurable, as 
the relevant branching ratios are 0( lo-“) in the Stan- 
dard Model and even larger in some of its extensions. 
It will provide us with a very clean measurement of 
the CP violating phase 0 which has a clear interpreta- 
tion in any given model. 

In the Standard Model, the penguin and box di- 
agrams mediating the s + dvfi transition get con- 
tributions from top and charm quarks in the loop. 
The charm diagrams carry the same phase as the 
mixing amplitude, arg( VcdVct,). The top diagrams de- 
pend on arg( &V,: ) , so that their phase difference 
from the mixing amplitude is the angle p of the uni- 
tarity triangle. Had the top contribution dominated 
both K,, - n”ovV and Ki + r+vF, we would have 
0 = p. However, while the charm contribution to 
KI. + n-“vovV is negligible, it is comparable to the top 
contribution to K+ -+ s-+vfi. Then we cannot di- 
rectly relate the experimentally-derived 0 of Eq. (7) 
to the model parameter p, and a calculation of the 
charm and top amplitudes is also needed [ 31. With 
new physics, the magnitude of the decay amplitude is 
generally not known. The ratio (7) is most useful if 
both K1. + TTOVC and Ki + r+vF are dominated by 
the same combination of mixing angles. The phase of 

this combination is then directly identified with 8, and 
we need not know any other of the new parameters. 

Eq. (7) allows us to set an upper bound on 
BR( KL --f n-OvV). Using sin2 8 < 1 and r~, /TKI = 
4.17, we have 

BR(KL+rovt) <4.4xBR(K++7~‘vv). (8) 

Using the 90% CL experimental upper bound [ 161 

BR( K+ -3 7T+vv 1 

we get 

BR( KL -+ n-‘vV) 

Actually, Eq. (8) 

< 2.4 x 10-9, (9) 

< 1.1 x lO-R. ( 10) 

assumes only isospin relations and 
does not even require that the final state is CP even. 
Therefore, the bound ( 10) is model independent. This 
bound is much stronger than the direct experimental 
upper bound [ 171 BR(KL + ~TOVF) < 5.8 x IO-‘. 

New physics can modify both the mixing and the 
decay amplitudes. The contribution to the mixing can 
be of the same order as the Standard Model one. How- 
ever, E = 0( 10-s) implies that any such new contribu- 
tion to the mixing amplitude carries the same phase as 
the Standard Model one (to 0( 10-j) ) On the other 
hand, the upper bound (9) which is about 30 times 
larger than the Standard Model prediction [ 31 allows 
new physics to dominate the decay amplitude (with 
an arbitrary phase). We conclude that the only rele- 
vant new contribution to ucp can come from the decay 
amplitude. This is in contrast to the B system where 
we expect significant effects of new physics mainly in 
the mixing amplitude (see, e.g. [ 181 1. 

We now give an explicit example of a new physics 
model with potentially large effects on KL_ + n-‘z@. 
We consider a model with extra quarks in vector-like 
representations of the standard Model gauge group, 
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Such (three pairs of) quark representations appear. 
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with non-canonical SCJ(2) transformations (left- 
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to tree level flavor changing neutral currents in Z 
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Y Grossman. I! Nir/Physics Letters B 398 (1997) 163-168 165 

As a result of this cleanliness, the CP violating phase 
can be extracted almost without any hadronic uncer- 
tainty, even if this phase comes from new physics. 
Specifically, defining 0 to be the relative phase be- 
tween the K - R mixing amplitude and the s --f dvF 
decay amplitude, namely A = e2”, we get from Eq. 
(5) 

r( KL + GT~~~) 1 - cos28 
[‘(K, + 7~‘vV) = 1 +cos2e 

= tan’ 6. (6) 

This ratio measures 0 without any information about 
the magnitude of the decay amplitudes. In reality it will 
be impossible to measure I( KS + T~ovV>. We can 
use the isospin symmetry relation, A(p + ~~0~6) 
/A( K’ --j s-+I@) = l/d, to replace the denomina- 
tor by the charged kaon decay mode: 

I -cos28 = 
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= sin2 8, (7) 

where Yis = 0.954 is the isospin breaking factor [ 151. 
The ratio (7) may be experimentally measurable, as 
the relevant branching ratios are 0( lo-“) in the Stan- 
dard Model and even larger in some of its extensions. 
It will provide us with a very clean measurement of 
the CP violating phase 0 which has a clear interpreta- 
tion in any given model. 
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new physics, the magnitude of the decay amplitude is 
generally not known. The ratio (7) is most useful if 
both K1. + TTOVC and Ki + r+vF are dominated by 
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Using the 90% CL experimental upper bound [ 161 

BR( K+ -3 7T+vv 1 

we get 

BR( KL -+ n-‘vV) 
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be of the same order as the Standard Model one. How- 
ever, E = 0( 10-s) implies that any such new contribu- 
tion to the mixing amplitude carries the same phase as 
the Standard Model one (to 0( 10-j) ) On the other 
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CP-violating decay XL = n. vv
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The process KL ~+ vv offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
=few X 10 ' . The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of —1 /o can be extracted from previous data
on KL—+2m. . This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached, a theoretically clean determination of
the KM product sin02sin03sin5 can be made.

The Glashow-Iliopoulos-Maiani- (GIM-) mechanism'-
suppressed processes K +~m. +vv (Refs. 2—5) and
KL ~m. e+e (Ref. 6) have been much discussed recently
as tests of the standard model (SM). In each case the
current experimental limit ' lies more than 2 orders of
magnitude above the SM prediction, affording a large
window for new physics. If the predicted levels can be
reached, these decays put interesting constraints on the
Kobayashi-Maskawa (KM) matrix parameters and on
the top-quark mass. The latter process is particularly in-
teresting from the point of view of CP since the predicted
direct CP violation is of the same order of magnitude as
the indirect (state-mixing) contribution. By contrast, rel-
atively little attention has been paid to the closely related
and no less interesting process KL ~m vv (Ref. 10). As I
will discuss below, this decay is expected to have a
branching ratio of —10 ". Since there is no published
upper limit on this decay, it offers a potentially enormous
range in which to search for new effects. As in the case
of KL ~~ e+e, Ki ~~ vv is CP violating in leading
order. However, unlike the former process, there is no
potentially large, 2y-mediated CP-conserving contribu-
tion. " In fact the potential long-distance contributions
in general are suppressed by CP violation and/or the
GIM mechanism to extremely small levels.
In the excellent approximation that X+~m+vv and

K —+n vv are short-distance dominated, ' their ampli-
tudes are related by isospin: 2 (K ~n. vv) =(1/
&2)A (K+~m+vv). It then follows that the amplitudes
for decays of the CP eigenstates E, and Kz into ~ vv are
equal to the real and imaginary parts, respectively, of the
amplitude for K ~vr+vv (Ref. 10). Ignoring higher-
order CP-violating effects,

A (K vr vv)=eA (K, m vv)+A(K ~ vv) .

In principle this leads to interference effects, but as will
be shown, the first term is so much smaller than the
second that these can be ignored. Note that modulo very
small QCD corrections and assuming massless leptons, '

8(K+ tr vV)=8(K+ m e+v) 2'
16m sin 0~

X g V*, Vj.dD(x ).V„,

for each neutrino flavor, where sz, s3, and 5 are the usual
KM parameters. Currently favored values of the KM pa-
rameters and m, give 0.5—8.0X10 ' for the branching
ratio summed over three neutrino flavors. '
The branching ratio for the indirect CP-violating con-

tribution is then

K
8(KL ~tr vv), =i@i 3X0.70X10

X[D(x, )+sz(sz+s3cs )D (x, ) ]
while that of the direct is

B(KL ~m. vv)d;„„=
7 +

3 x0.70x10-'

X [s,s,ssD (x, )]'
In the context of the standard model with three genera-

tions, bounds have been derived ' on s2, s3, and to some
extent on 5 and m„ from measurements of or limits on
~b, 8(b~cev), 8 Bmixing, I (b~-uev)/I'(b~cev), ex-
clusive B decay branching ratios, E, E', etc. Neither ex-
periment nor theory is sufficiently advanced to allow
specific predictions, but sets of parameters which are con-

for each neutrino flavor, where V, are the KM matrix
elements, x.=(m. /mn, ), and D(x) is a kinematic func-
tion which is -0.004 for m„and of order 1 for reason-
able values of m, . Substituting for the constants and the
K 3 branching ratio, assuming small mixing angles, and
ignoring QCD corrections, '

8 (K+~n+vv) =0.70X 10 ~D(x, )+sz(s2+S3e' )

XD(x, )i

39 3322 1989 The American Physical Society

Searching for Direct CP-violation

Is ε’/ε 0 or not?
27

E731

NA31

We killed SuperWeak, 
and support KM

48

KTeV
KTeV

E731

NA31
KTeV

NA48 PDG: (1.68 ± 0.20) x 10-3

T. Yamanaka , 50 Years of CP Violation
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To understand building blocks 
of  our universe and interaction 
among them by using various K-
meson decays 

Kaon Physics

178

Kaon rare decay KL➔π0νν



What is K-meason ?
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Proton・Neutron・Lambda 
 (uud)     (ddu)     (uds)

Baryon

Meson
Pion  ・  Kaon ・ B-Meson 

(ud)…      (su)…       (bd)…

Matter made of  quark-antiquark including s-quark
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http://www.lnf.infn.it/wg/vus/content/Krare.html



3 years from now
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 Up-graded detector System 
 Higher beam intensity of J-PARC

2015/07/16 25

Beam request toward 2017
● We want beam  as much as possible after Inner Barre l insta ll

● NA62 will take 100 events toward 2017 for 

– Push Grossman-Nir limit down.

● At least 4800kW*day until 2017 to compete with NA62 in terms of 
Grossman-Nir limit. If we have 500kW*day in this Fall, 4000 kW*day more 
is needed from 2016 to 2017.

2015 April-June

2017

2016

2015 Fall

NA62 ~100 events from 2015-17

2018



Experimental Status

182

Step-by-Step Approach
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Decay
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Transition from a (unstable) state to other (stable) state  

Conservation : Energy-momentum, charge, CPT 

Key observation : decay probability 

Observable

Kinematics 
How many momentum state  

for given energy 

Dynamics 
For given process to consider 
Nature of (mixed) interaction 

Coupling constants, mixing 
etc. 



Unitarily Triangles and 
New physics beyond SM
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Physics Motivations
•                      decay

• Direct CPV process

•  

• Directly measure CKM parameter 

•  

• Small theoretical uncertainty

• ~1.5%

•  

• Grossman-Nir limit

18

FIG. 3 Unitarity triangle from K → πνν̄.

E. sin 2β from K → πνν̄

Using (III.25) one finds subsequently (Buchalla and Buras, 1994b)

sin 2β =
2rs

1 + r2
s

, rs =
√

σ

√

σ(B1 − B2) − Pc(X)√
B2

= cotβ. (III.26)

Thus, within the approximation of (III.25), sin 2β is independent of Vcb (or A) and mt and as we will see in Section
IV these dependences are fully negligible.

It should be stressed that sin 2β determined this way depends only on two measurable branching ratios and on
the parameter Pc(X) which is completely calculable in perturbation theory as discussed in the previous section.
Consequently this determination is free from any hadronic uncertainties and its accuracy can be estimated with a
high degree of confidence. The calculation of NNLO QCD corrections to Pc(X) would certainly improve the accuracy
of the determination of sin 2β from the K → πνν̄ complex.

Alternatively, combining (III.1) and (III.15), one finds (Buras et al., 2004c)

sin 2βeff =
2r̄s

1 + r̄2
s
, r̄s =

√
B1 − B2 − P̄c(X)√

B2
= cotβeff (III.27)

where βeff = β − βs. As βs = O(λ2), we have

cotβ = σ cotβeff + O(λ2) (III.28)

and consequently one can verify that (III.27), while being slightly more accurate, is numerically very close to (III.26).
This formula turns out to be more useful than (III.26) when SM extensions with new complex phases in X are
considered. We will return to it in Section VI.

Finally, as in the SM and more generally in all MFV models there are no phases beyond the CKM phase, the MFV
relation (I.1) should be satisfied. The confirmation of this relation would be a very important test for the MFV idea.
Indeed, in K → πνν̄ the phase β originates in the Z0 penguin diagram, whereas in the case of aψKS

in the B0
d − B̄0

d
box diagram. We will discuss the violation of this relation in particular new physics scenarios in Sections VI and VII.

F. The Angle γ from K → πνν̄

We have seen that a precise value of β can be obtained both from the CP asymmetry aψKS
and from the K → πνν̄

complex in a theoretically clean manner. The determination of the angle γ is much harder. As briefly discussed in
Section VIII and in great detail in (Ali, 2003; Buchalla, 2003; Fleischer, 2002, 2004; Hurth, 2003; Nir, 2001), there

3

Introduction

! Searching for KL→!0"" decay
" Flavor Changing　Neutral Current

" Direct CP violation (#s =1)

" Clean measurement of Im(Vtd) ~ $

! The first dedicated experiment

! step-by-step approach

E391a(O(10-10)) #　J-Parc(O(10-13))

Br(KL → π0νν̄) ∝ η2

η

Br(KL → π
0
νν̄)SM = (3.0 ± 0.6) × 10−11

∆S = 1

KL → π
0
νν̄

Br(KL → π
0
νν̄) < 1.4 × 10−9

Figure 3: Schematic determination of the unitarity triangle vertex (ϱ, η) from
K → πνν̄ (vertically hatched) and from the B system (horizontally hatched).
Both determinations can be performed with small theoretical uncertainty and any
discrepancy between them would indicate new physics, as illustrated in this hypo-
thetical example.

The quantity B(KL → π0νν̄) by itself offers probably the best precision in
determining ImV ∗

tsVtd or, equivalently, the Jarlskog parameter

JCP = Im(V ∗
tsVtdVusV

∗
ud) = λ

(

1 −
λ2

2

)

Imλt (13)

The prospects here are even better than for B physics at the LHC. As an example,
let us assume the following results will be available from B physics experiments

sin 2α = 0.40 ± 0.04 sin 2β = 0.70 ± 0.02 Vcb = 0.040 ± 0.002 (14)

The small errors quoted for sin 2α and sin 2β from CP violation in B decays
require precision measurements at the LHC. In the case of sin 2α we have to
assume in addition that the theoretical problem of ‘penguin-contamination’ can
be resolved. These results would then imply Imλt = (1.37 ± 0.14) · 10−4. On the
other hand, a ±10% measurement B(KL → π0νν̄) = (3.0 ± 0.3) · 10−11 together
with mt(mt) = (170 ± 3)GeV would give Imλt = (1.37 ± 0.07) · 10−4. If we are
optimistic and take B(KL → π0νν̄) = (3.0±0.15)·10−11, mt(mt) = (170±1)GeV ,
we get Imλt = (1.37 ± 0.04) · 10−4, a remarkable accuracy. The prospects for
precision tests of the standard model flavour sector will be correspondingly good.

The future experimental prospects for K+ → π+νν̄ and KL → π0νν̄ are
discussed in the talks by Bryman, Cox, Inagaki, Muramatsu and Ramberg.

Recent work on new-physics effects in K → πνν̄ can be found in [18].

8

G. Buchalla arXiv:0110313



Highly suppressed process (in SM)
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treatment for the strong interaction at low energy. Before illustrating this, let us first
identify precisely the quantities affected by hadronic uncertainties.

The dominant contribution to K → πνν comes from the Z penguin [5], where the
three up-type quarks circulate. It is CP-conserving for K1 → π0νν and CP-violating
for K2 → π0νν, where

√
2K1,2 = K0 ∓ K

0
are the 0++ and 0−+ neutral kaon CP-

eigenstates, approximately equal to the mass eigenstates KS and KL, respectively.
The loop function induces a quadratic breaking of the GIM mechanism [6], i.e., it is
proportional to m2

q/M
2
W in the mq → ∞ and mq → 0 limit, where mq the mass of the

quark circulating in the loop. Combined with the CKM scaling for the CP-conserving
and CP-violating transitions, we get:

K+ → π+νν
K1 → π0νν K2 → π0νν

m2
t

M2
W

(ReV †
tsVtd ∼ λ5)

m2
t

M2
W

(ImV †
tsVtd ∼ λ5)

m2
c

M2
W

(ReV †
csVcd ∼ λ)

m2
c

M2
W

(ImV †
csVcd ∼ λ5)

m2
u

M2
W

(ReV †
usVud ∼ λ)

m2
u

M2
W

(ImV †
usVud = 0)

The K+ → π+νν decay mode receives both a CP-conserving and a CP-violating
contribution since K+ is not a CP eigenstate.

These scalings explain why the top quark contribution is so large both for the CP-
violating and CP-conserving transitions. The purely long-distance up quark contribu-
tion [7,8] is suppressed by the light quark mass, and is necessarily CP-conserving. The
charm quark contribution ends up as large as the top one for the CP-conserving tran-
sition, because the small mass ratio m2

c/m
2
t is compensated by the large CKM ratio

ReV †
csVcd/ReV

†
tsVtd ∼ λ−4, but stays subleading for the CP-violating transition [9,10].

Note that indirectly, this large CP-conserving charm quark contribution contributes
to the KL → π0νν decay. Indeed, the kaon mass eigenstates are KS ∼ K1 + εK2

and KL ∼ K2 + εK1. Thankfully, ε ∼ 10−3, so this so-called indirect CP-violating
piece enters only at the percent level in the KL → π0νν rate [11]. Finally, it must
be mentioned that if a different CKM phase convention was chosen, for example one
in which ImV †

usVud ̸= 0, then it is only through the interference of the direct and
indirect CP-violating amplitudes that these scalings between the three up-type quark
contributions would be recovered [12].

To really appreciate how peculiar is the Z penguin, it is instructive to compare

3

C. Smith, arXiv:1409.6162



 Hadronic matrix elements
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C. Smith, arXiv:1409.6162

K➔πνν

K➔πlν

Figure 1: The hadronic effects in the matrix elements of the short-distance top and
charm-quark penguin operators are brought under control thanks to their relation
with the charged-current-induced semileptonicKℓ3 processes [16]. For the purely long-
distance up-quark contribution to the Z penguin, the strategy relies on the photon
penguin [8], which is entirely dominated by a similar up-quark contribution when
CP-conserving (as in K+ → π+ℓ+ℓ− and KS → π0ℓ+ℓ− [13, 14]).

energy scale, they are still parametrized in terms of quark fields, whose hadroniza-
tion into the initial kaon and final pion is not necessarily local. Technically, this
step boils down to the evaluation of the hadronic matrix elements ⟨π0|sγµd|K0⟩
and ⟨π+|sγµd|K+⟩. The chiral symmetry relates these matrix elements to
those relevant for the charged-current K → πℓν decays, ⟨π+|sγµd|K0⟩ and
⟨π0|sγµd|K+⟩, see Fig. 1. Further, the impact of isospin symmetry breaking as
well as of long-distance QED effects can be treated perturbatively. The preci-
sion achieved is such that these sources of hadronic uncertainties are very small,
at the few percent-level for the K → πνν decay rates [16]. For comparison, re-
member that the lack of a similar strategy for the uncertainties on the matrix
elements like ⟨ππ|sΓd|K⟩ [17] is the main reason why the theoretical control
over the ε′ observable remains so challenging to this day.

• Long-distance penguins and radiative decays: The second type of long-
distance effects are the up-quark contributions to the penguins. Those are
purely non-local, and have to be dealt with entirely in terms of meson external
states and loops in the context of chiral perturbation theory. Precision is then
limited by the rather slow convergence of the chiral expansions (around 30%
per order), and by the regular occurrence of free parameters, the counterterms,
whose presence is often required to absorb loop divergences. However, as said

5



Standard Model
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Materials are made of fermions (Quarks and Leptons). 

We need three generation of fermions (flavor). 

Interactions are mediated by gauge bosons. 

Mass of particles are realized as a result of interaction 
with Higgs boson.
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versus                   
AJB, Buttazzo, Knegjens, 1507.08672

KAON091671
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Figure 6: Left: Br(KL → π0νν̄) as a function of Br(K+ → π+νν̄). The shaded area

represents the experimental 1σ-range for Br(K+ → π+νν̄). The GN-bound is displayed

by the dotted line, while the solid line separates the two areas where Br(KL → π0νν̄) is

larger or smaller than Br(K+ → π+νν̄). The black point represents the SM prediction.

Right: The same, but in the case of removed custodial protection.

Sψφ and the K → πνν̄ decays. In Figs. 7 and 8 we show the correlation between Sψφ and

Br(KL → π0νν̄) and Br(K+ → π+νν̄), respectively. We observe that it is very difficult

to obtain simultaneously large deviations from the SM in the K → πνν̄ decays and in

Sψφ.

8.5 B → Kνν̄, B → K∗νν̄ and B → Xs,dνν̄

Using the formulae of Sections 4 and 5 we find the ranges

0.90 ≤ R1 =
Br(B+ → K+νν̄)

Br(B+ → K+νν̄)SM
≤ 1.15 , 0.90 ≤ R2 ≤ 1.10 , (8.13)

0.95 ≤
Br(B → Xsνν̄)

Br(B → Xsνν̄)SM
≤ 1.08 , (8.14)

and

0.93 ≤ P ≤ 1.07 . (8.15)

These results show that NP effects in rare B decays are significantly smaller than in

rare K decays as already expected from our anatomy of NP effects in Sections 7 and

8.2. As the deviation of P from unity signals violation of an important and very clean

correlation between Br(B → Xsνν̄) and Br(B → Xdνν̄) in the CMFV models we

show this correlation in Fig. 9. Unfortunately, the resulting deviation is small and will

be difficult to measure. Therefore we do not show the correlation in (5.6) that would

display strong deviations from CMFV mainly due to large effects in KL → π0νν̄ but

small ones in B → Xsνν̄. Similar effects have already been seen in several plots in our

paper in the case of other correlations between K and B decays.
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M. Blanke et. al., arXiv:0812.3803

K. Axixi et. al., arXiv:1508.03980v2

M. Blanke et. al., arXiv:1507.06316v2Figure 2: Correlation between the branching ratios of K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ in the LHT model
for f = 1TeV. The large black dot shows the central SM value for our choice of input parameters,
and the light blue point shows the contribution from the T-even sector. The black LHT points are
excluded by the constraint from KL ! µ+µ� [77]. The experimental 1� range for B(K+ ! ⇡+⌫⌫̄) [70]
is displayed by the grey band, while the solid black line indicates the Grossman-Nir bound [107].

leads to possible large enhancements in B(KL ! ⇡0⌫⌫̄) so that, without the constraint from
"0/", values as high as 5 · 10�10 are possible, being at the same time consistent with the mea-
sured value for B(K+ ! ⇡+⌫⌫̄). The latter branching ratio can reach values in the ballpark of
2 · 10�10. On the second branch, which corresponds to values for B(KL ! ⇡0⌫⌫̄) rather close to
its SM prediction, B(K+ ! ⇡+⌫⌫̄) can be strongly suppressed but also enhanced. However the
size of this enhancement is limited by the KL ! µ+µ� constraint so that the present central
experimental value can only barely be reached. We will return to this constraint in explicit
terms below.

The presence of the two branches is a remnant of the specific operator structure of the LHT
model and has been analysed in a model-independent manner in [33]. Consequently observing
one day the K ! ⇡⌫⌫̄ branching ratios outside these two branches would not only rule out the
LHT model but at the same time put all models with a similar flavour structure in di�culties.
On the other hand in models like the custodially protected Randall-Sundrum (RS) model in
which new flavour violating operators are present, no visible correlation is observed, so that
an observation of the K ! ⇡⌫⌫̄ modes outside the two branches can be explained in such
kind of models [108]. This is also possible in models with tree-level flavour-violating Z and Z 0

exchanges [109,110] if flavour changing left- and right-handed couplings are present.

5.2.3 KL ! ⇡0⌫⌫̄, S KS and S �.

Next, of particular interest are the correlations of KL ! ⇡0⌫⌫̄ with the asymmetries S KS
and

S �. In 2009 we have pointed out that large departures of S � from its SM value would not
allow for large NP e↵ects in the rare K decay within the LHT model. But as seen in (14) the
present experimental value for this asymmetry fully agrees with the SM. In Fig. 3 we show the
correlation of B(KL ! ⇡0⌫⌫̄) with S �. We observe that within the LHT model S � can still
di↵er significantly from its SM value of 0.04 but large enhancements of B(KL ! ⇡0⌫⌫̄) are most
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Figure 4: The MFV relation between K+ ! ⇡+⌫⌫̄ and K
L

! ⇡0⌫⌫̄ using S
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versus using the various tree-level inputs of |V
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| and � (see text). In the left panel we

show situation from current constraints, and in the right panel the possible situation in

the following decade, including 10% precision on the two branching ratios, for illustration.
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�) will allow us to uniquely predict the branching
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�) in CMFV models well ahead of its precise direct measurement.
In the right panel of Figure 3 we show the correlation between K

+ ! ⇡

+

⌫⌫̄ and
K

L

! ⇡

0

⌫⌫̄ for di↵erent fixed values of � (S
 KS ). The dashed regions correspond

to a 68% C.L. that results from including the uncertainties on all the other input
parameters, whereas the inner filled regions are a result of only including the un-
certainties of |V

cb

| (we use the average in (3.3)), � (as given in (3.4)) and |V
us

| in
(2.7). We observe that in the latter case the dependence on the remaining CKM
parameters, for fixed �, is indeed minimal.

It is also possible to express the ratio in (3.17) as
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, (3.20)

i.e. in terms of the tree-level CKM inputs discussed in this section, which are gen-
erally assumed to be free of NP e↵ects. We note that in MFV also S

 KS is not
a↵ected by NP and is more accurately determined than �. On the other hand,
there is a class of models – e.g. models with a U(2)3 flavour symmetry [67] – where
the correlation with S

 KS is no longer true, while (3.16) and the generic relation
(3.20) still hold.

While the virtue of the correlation (3.18) is its very weak dependence on the
CKM parameters, the correlation (3.16) together with (3.20) shares partly this
property as it depends only on the ratio |V

cb

/V

ub

|, equivalent to R

b

, and not on
|V

ub

| and |V
cb

| separately. As we can see from the values of R

b

given in Table 2,
this avoids some of the trouble with exclusive versus inclusive determinations, as
the ratio of purely exclusive or inclusive determinations, as well as their weighted
average, results in less variation – i.e. only 5% among the cases considered. Note
that combining exclusive |V

ub

| with inclusive |V
cb

|, for example, gives a greater
variation.

A. Buras et. al., arXiv:1503.02693v2
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Figure 1: The predicted region for BR(KL →
π0νν̄) versus BR(K+ → π+νν̄) without im-
posing the constraint from ϵK in the split-
family model. The green line corresponds to
the Grossman-Nir bound. The dashed red
lines denote the experimental bounds with
1σ for BR(K+ → π+νν̄). The pink denotes
the SM with 3σ.

Figure 2: The predicted region for BR(KL →
π0νν̄) versus BR(K+ → π+νν̄) with impos-
ing ϵK in the split-family model. The green
line corresponds to the Grossman-Nir bound.
The dashed red lines denote the experimen-
tal bounds with 1σ for BR(K+ → π+νν̄).
The pink denotes the SM with 3σ.

large contribution of the relatively light squarks to ϵK , the phases φuL
13 and φuL

23 , which are
associated with flavor mixing angles, should be tuned. We show the φuL

13 − φuL
23 dependence

of BR(KL → π0νν̄) and ϵK in figs.3 and 4, where suL13 = suL23 = 0.3 and µ = 1.5 TeV are
fixed to show the correlation between them clearly. It is found that the experimental allowed
region of ϵK restricts φuL

13 − φuL
23 in the very narrow region around 0, ±π/2 and ±π. The

phase cycle in the branching ratio BR(KL → π0νν̄) is a half of the one in ϵK 1. Therefore,
the enhancement of BR(KL → π0νν̄) is realized at φuL

13 − φuL
23 ≃ 1.4 radian, where ϵK is

enough suppressed. This value is somewhat deviated from π/2 because of the extra CKM
rotation for the chargino interaction as seen in Eq.(22). At φuL

13 − φuL
23 ≃ −1.4 radian, the

SUSY contribution to the KL → π0νν̄ process is the opposite to the SM one, and then the
branching ratio is suppressed compared with the SM prediction.

We have neglected the left-handed down-type squark mixing, which contributes to ϵK
through the gluino/neutralino box diagram, in order to see the correlation between ϵK and
BR(KL → π0νν̄) by the phase tuning of the chargino interaction clearly. Even if we include
the left-handed down-type squark mixing angles and phases as the same magnitude as the up-
type ones, which is suggested by the MSSM, we can also tune φuL

13 −φuL
23 to suppress the SUSY

contribution to ϵK . The imaginary part of the gluino/neutralino box contribution disappears,
for example, just at φdL

13 − φdL
23 = π/2 since there is no extra CKM rotation in contrast to

the chargino interaction. Therefore, the chargino and gluino/neutralino contributions to ϵK
necessarily cancel each other between 1.4 ∼ π/2 radian as expected from fig. 3. Actually, we
have found that the enough suppression of the SUSY contribution to ϵK is realized at around
1.5 radian. This shift of the phase tuning changes our predicted branching ratio of fig.2 only
in a few percent. Therefore, the neglect of the left-handed down-type squark mixing does

1The interpretation of the relation between the phase dependence of K → πνν̄ and the one of ϵK was
discussed in ref. [15].

9

M. Tanimoto and K. Yamamoto, arXiv:1603.07960V2

Thus, the SUSY contribution through the Z-penguin is expected to be correlated among
the rare decays of KL → π0νν̄, K+ → π+νν̄, KL → µ+µ−, B0 → µ+µ− and Bs → µ+µ− as
well as the CP violations of ϵK and ϵ′K/ϵK .

4 Numerical analysis

4.1 Setup of parameters

Let us discuss the decay rates of KL → π0νν̄ and K+ → π+νν̄ processes by taking the
specific mass spectrum of the split-family model and the high-scale SUSY model at O(10)
TeV (see Appendix A). The enhancements of these kaon rare decays are occurred under the
conditions of the large left-right mixing and the seizable wino-higgsino mixing. In addition,
the large squark mixing parameters suL13 and suL23 push those enhancements. In order to show
our results clearly, we reduce the number of parameters by imposing a simple setup for both
the split-family model and the high-scale SUSY model as follows:

• We fix the chargino mass M2 and µ to obtain the seizable wino-higgsino mixing as:

M2 = 1 (6) TeV, µ = 1.5 ∼ 2.5 (6.3 ∼ 7.8) TeV, (11)

for the split-family (the high-scale SUSY). Here, we scan µ around 2 (7) TeV in order
to obtain the relevant enhancements of the decay rates.

• We take the masses of t̃1 and t̃2 as

mt̃1 = 10 TeV, mt̃2 = 11 TeV. (12)

We take the masses of the first and second family up-type squark as mc̃L = 1.1×mũL
,

mũR
= 0.95×mũL

and mc̃R = 0.95×mc̃L with mũL
= 2 (15) TeV.

• We take the large left-right mixing angle

θtLR = 0.3 . (13)

This large mixing angle combined with the stop masses in Eq.(12) corresponds to the
large A term, 35 ∼ 40 TeV as seen in Eq.(19) of Appendix B, which is consistent with
the 125 GeV higgs mass due to the large radiative correction [36].

• The flavor mixing parameters sqLij are free parameters, and are varied in

suL13 = suL23 = 0.1 ∼ 0.3, (14)

where the upper bound 0.3 is given by the experimental constraint of the K0−K̄0 mass
difference ∆MK in the split-family model. We ignore the mixing between the first and
second family of squarks, suL12 , since this single mixing effect to the Z-penguin mediated
by chargino is well known to be minor [44, 51]. Namely, the SUSY contributions of
the KL → π0νν̄ and K+ → π+νν̄ processes are dominated by the double mixing of the
stop, sLt̃iχ− and dLt̃iχ−.
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= 2 (15) TeV.

• We take the large left-right mixing angle

θtLR = 0.3 . (13)

This large mixing angle combined with the stop masses in Eq.(12) corresponds to the
large A term, 35 ∼ 40 TeV as seen in Eq.(19) of Appendix B, which is consistent with
the 125 GeV higgs mass due to the large radiative correction [36].

• The flavor mixing parameters sqLij are free parameters, and are varied in

suL13 = suL23 = 0.1 ∼ 0.3, (14)

where the upper bound 0.3 is given by the experimental constraint of the K0−K̄0 mass
difference ∆MK in the split-family model. We ignore the mixing between the first and
second family of squarks, suL12 , since this single mixing effect to the Z-penguin mediated
by chargino is well known to be minor [44, 51]. Namely, the SUSY contributions of
the KL → π0νν̄ and K+ → π+νν̄ processes are dominated by the double mixing of the
stop, sLt̃iχ− and dLt̃iχ−.

7

Figure 15: The predicted region for
BR(KL → π0νν̄) versus BR(K+ → π+νν̄)
without imposing ϵK at O(10) TeV. The
green line corresponds to the Grossman-Nir
bound. The dashed red lines denote the 1σ
experimental bounds for BR(K+ → π+νν̄).
The pink denotes the SM with 3σ.

Figure 16: The predicted region for
BR(KL → π0νν̄) versus BR(K+ → π+νν̄)
with imposing ϵK at O(10) TeV. The green
line corresponds to the Grossman-Nir bound.
The dashed red lines denote the 1σ experi-
mental bounds for BR(K+ → π+νν̄). The
pink denotes the SM with 3σ.

figs.15 and 16, in which suL13 = suL23 = 0.3 is fixed and µ is scanned in 6.3 − 7.8 TeV. The
constraint of ϵK is not imposed in fig.15 while it is imposed in fig.16. The predicted maximal
branching ratios are almost the same as the ones in the split-family model because the stop
contribution dominates them, where the stop masses are put in 10 TeV and 11 TeV. In the
high-scale SUSY, the first and second family squarks are also at O(10) TeV, and then, the
contribution of the chargino box diagram in K0 − K̄0 mixing becomes smaller. Thus, the
constraint of ϵK is relaxed comparing with the case of fig.2.

In fig. 17, we show the correlation between BR(KL → π0νν̄) and ϵ′K/ϵK , which indicates
almost the same correlation as the one in fig. 6. Therefore, the experimental data of ϵ′K/ϵK
suggests that BR(KL → π0νν̄) is not enhanced compared with the SM prediction. We also
show BR(K+ → π+νν̄) versus ϵ′K/ϵK in fig.18. In this case, the constraint of ϵ′K/ϵK does not
suppress BR(K+ → π+νν̄). Therefore, one expects the enhancement of BR(K+ → π+νν̄)
compared with the SM prediction.

Let us discuss the KL → µ+µ−, B0 → µ+µ− and Bs → µ+µ− processes. We show
BR(KL → π0νν̄) versus BR(KL → µ+µ−) in fig.19. We also show BR(K+ → π+νν̄) versus
BR(KL → µ+µ−) in fig.20. These predictions are not so changed compared with the ones
of the split-family model in figs. 8 and 9. It is very important to study the long-distance
effect of the KL → µ+µ− process to see the correlations with the BR(KL → π0νν̄) and
BR(K+ → π+νν̄) decays.

We show BR(KL → π0νν̄) versus BR(Bs → µ+µ−) in fig.21. The enhancement of the
KL → π0νν̄ decay rate is consistent with the present experimental data of BR(Bs → µ+µ−).
We also show BR(KL → π0νν̄) versus BR(B0 → µ+µ−) in fig.22. We need the more precise
data of the BR(B0 → µ+µ−) decay in order to see the correlation with BR(KL → π0νν̄).

Let us discuss the correlations among the CP conserved processes, K+ → π+νν̄, Bs →
µ+µ− and B0 → µ+µ−. We show BR(K+ → π+νν̄) versus BR(Bs → µ+µ−) in fig.23. The
K+ → π+νν̄ decay rate is enhanced even if BR(Bs → µ+µ−) is consistent with the SM one.
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Thus, the SUSY contribution through the Z-penguin is expected to be correlated among
the rare decays of KL → π0νν̄, K+ → π+νν̄, KL → µ+µ−, B0 → µ+µ− and Bs → µ+µ− as
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TeV (see Appendix A). The enhancements of these kaon rare decays are occurred under the
conditions of the large left-right mixing and the seizable wino-higgsino mixing. In addition,
the large squark mixing parameters suL13 and suL23 push those enhancements. In order to show
our results clearly, we reduce the number of parameters by imposing a simple setup for both
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M2 = 1 (6) TeV, µ = 1.5 ∼ 2.5 (6.3 ∼ 7.8) TeV, (11)

for the split-family (the high-scale SUSY). Here, we scan µ around 2 (7) TeV in order
to obtain the relevant enhancements of the decay rates.

• We take the masses of t̃1 and t̃2 as

mt̃1 = 10 TeV, mt̃2 = 11 TeV. (12)

We take the masses of the first and second family up-type squark as mc̃L = 1.1×mũL
,

mũR
= 0.95×mũL

and mc̃R = 0.95×mc̃L with mũL
= 2 (15) TeV.

• We take the large left-right mixing angle

θtLR = 0.3 . (13)

This large mixing angle combined with the stop masses in Eq.(12) corresponds to the
large A term, 35 ∼ 40 TeV as seen in Eq.(19) of Appendix B, which is consistent with
the 125 GeV higgs mass due to the large radiative correction [36].

• The flavor mixing parameters sqLij are free parameters, and are varied in

suL13 = suL23 = 0.1 ∼ 0.3, (14)

where the upper bound 0.3 is given by the experimental constraint of the K0−K̄0 mass
difference ∆MK in the split-family model. We ignore the mixing between the first and
second family of squarks, suL12 , since this single mixing effect to the Z-penguin mediated
by chargino is well known to be minor [44, 51]. Namely, the SUSY contributions of
the KL → π0νν̄ and K+ → π+νν̄ processes are dominated by the double mixing of the
stop, sLt̃iχ− and dLt̃iχ−.
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Energy resolution of the CsI calorimeter

The contributions from the spectrometer and the material were quadratically sub-
tracted from the E

CsI

/Evis

spec

width. The remaining width was fitted with a function of
general expression of energy resolution, i.e.:
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The fitted parameters are

p
1

= (0.66± 0.12± 0.51)%, p
2

= (1.81± 0.04± 0.02)%, p
3

= (0± 0.15± 0.00)%

(7.3)

for the small-crystal data subset, and

p
1

= (1.71± 0.11± 0.13)%, p
2

= (1.31± 0.10± 0.01)%, p
3

= (0± 0.44± 0.00)%

(7.4)

for the large-crystal data subset, where the first error of each parameter is a statistic
error, and the second error is a systematic error of which derivation is described in
the next section. The covariances between the parameters are shown in Table 7.1.
The fitting result for the small-crystal data subset and for large-crystal data subset
are shown in Fig. 7.3(a) and (b), respectively. The fitting error of the function, shown
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Flavor structure 
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High intensity secondary 
kaon beam 

Stopped and in-flight decays 
of kaons 

Small number of decay 
products
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e+ e− e+ e− S1 ( 3.56 ±0.21 ) × 10−8 249

π0µ+µ− CP,S1 [s] < 3.8 × 10−10 CL=90% 177

π0 e+ e− CP,S1 [s] < 2.8 × 10−10 CL=90% 230

π0ν ν CP,S1 [t] < 2.6 × 10−8 CL=90% 230

π0π0ν ν S1 < 8.1 × 10−7 CL=90% 209

e±µ∓ LF [o] < 4.7 × 10−12 CL=90% 238

e± e±µ∓µ∓ LF [o] < 4.12 × 10−11 CL=90% 225

π0µ± e∓ LF [o] < 7.6 × 10−11 CL=90% 217

π0π0µ± e∓ LF < 1.7 × 10−10 CL=90% 159

K ∗(892)K ∗(892)K ∗(892)K ∗(892) I (JP ) = 1
2 (1−)

K∗(892)± hadroproduced mass m = 891.66 ± 0.26 MeV
K∗(892)± in τ decays mass m = 895.5 ± 0.8 MeV
K∗(892)0 mass m = 895.81 ± 0.19 MeV (S = 1.4)
K∗(892)± hadroproduced full width Γ = 50.8 ± 0.9 MeV
K∗(892)± in τ decays full width Γ = 46.2 ± 1.3 MeV
K∗(892)0 full width Γ = 47.4 ± 0.6 MeV (S = 2.2)

p

K∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODESK∗(892) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

K π ∼ 100 % 289

K0γ ( 2.46±0.21) × 10−3 307

K±γ ( 9.9 ±0.9 ) × 10−4 309

K ππ < 7 × 10−4 95% 223

K1(1270)K1(1270)K1(1270)K1(1270) I (JP ) = 1
2 (1+)

Mass m = 1272 ± 7 MeV [u]

Full width Γ = 90 ± 20 MeV [u]

K1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODESK1(1270) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

K ρ (42 ±6 ) % 46

K∗
0(1430)π (28 ±4 ) % †

K∗(892)π (16 ±5 ) % 302

K ω (11.0±2.0) % †

K f0(1370) ( 3.0±2.0) % †

γK0 seen 539
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Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
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(πµatom)ν ( 1.05 ±0.11 ) × 10−7 188

π0π± e∓ ν [o] ( 5.20 ±0.11 ) × 10−5 207

π± e∓ ν e+ e− [o] ( 1.26 ±0.04 ) × 10−5 229

Hadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modesHadronic modes, including Charge conjugation×Parity Violating (CPV) modes

3π0 (19.52 ±0.12 ) % S=1.6 139

π+π−π0 (12.54 ±0.05 ) % 133

π+π− CPV [q] ( 1.967±0.010) × 10−3 S=1.5 206

π0π0 CPV ( 8.64 ±0.06 ) × 10−4 S=1.8 209

Semileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photonsSemileptonic modes with photons
π± e∓ νe γ [f,o,r ] ( 3.79 ±0.06 ) × 10−3 229

π±µ∓ νµ γ ( 5.65 ±0.23 ) × 10−4 216

Hadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairsHadronic modes with photons or ℓℓ pairs
π0π0γ < 2.43 × 10−7 CL=90% 209

π+π−γ [f,r ] ( 4.15 ±0.15 ) × 10−5 S=2.8 206

π+π−γ (DE) ( 2.84 ±0.11 ) × 10−5 S=2.0 206

π02γ [r ] ( 1.273±0.033) × 10−6 230

π0γ e+ e− ( 1.62 ±0.17 ) × 10−8 230

Other modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairsOther modes with photons or ℓℓ pairs
2γ ( 5.47 ±0.04 ) × 10−4 S=1.1 249

3γ < 7.4 × 10−8 CL=90% 249

e+ e−γ ( 9.4 ±0.4 ) × 10−6 S=2.0 249

µ+µ−γ ( 3.59 ±0.11 ) × 10−7 S=1.3 225

e+ e−γγ [r ] ( 5.95 ±0.33 ) × 10−7 249

µ+µ−γγ [r ] ( 1.0 +0.8
−0.6 ) × 10−8 225

Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )Charge conjugation × Parity (CP) or Lepton Family number (LF )
violating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modesviolating modes, or ∆S = 1 weak neutral current (S1) modes

µ+µ− S1 ( 6.84 ±0.11 ) × 10−9 225

e+ e− S1 ( 9 +6
−4 ) × 10−12 249

π+π− e+ e− S1 [r ] ( 3.11 ±0.19 ) × 10−7 206

π0π0 e+ e− S1 < 6.6 × 10−9 CL=90% 209

π0π0µ+µ− S1 < 9.2 × 10−11 CL=90% 57

µ+µ− e+ e− S1 ( 2.69 ±0.27 ) × 10−9 225
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