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FIG. 1 The penguin and box diagrams contributing to K+ → π+νν̄. For KL → π0νν̄ only the spectator quark is changed from
u to d.

The function X(xt) relevant for the top part is given by

X(xt) = X0(xt) +
αs(mt)

4π
X1(xt) = ηX · X0(xt), ηX = 0.995, (II.6)

where

X0(xt) =
xt
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describes the contribution of Z0 penguin diagrams and box diagrams without the QCD corrections (Buchalla et al.,
1991; Inami and Lim, 1981) and the second term stands for the QCD correction (Buchalla and Buras, 1993a,b, 1999;
Misiak and Urban, 1999) with
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The K0
L!!0""# decay

• “Direct” CP violation process

• Measurement of the parameter $ in CKM

- Amplitude
% A(K0

L!!0""#) ∝ A(K0!!0""#) - A(K#0!!0""#)

               ∝ Vtd*Vts - Vts*Vtd

               = 2 x Vts x Im(Vtd) ∝ $
3

11. CKM quark-mixing matrix 1

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

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

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

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




d ′

s ′

b ′



 =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb








d
s
b



 . (11.1)

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


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



 . (11.2)

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

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

V =

(
c12c13 s12c13 s13e−iδ13

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

)

, (11.3)

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

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

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

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

(
d ′

s ′

b ′

)

=

(
c1 −s1c3 −s1s3

s1c2 c1c2c3−s2s3eiδ c1c2s3+s2c3eiδ

s1s2 c1s2c3+c2s3eiδ c1s2s3−c2c3eiδ

)(
d

s

b

)

, (11.4)

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

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

V =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4) . (11.5)

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

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

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

Our present knowledge of the matrix elements comes from the following sources:
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unitarity triangle of CKM matrix

•Measures KL → π0νν  @ KEK 12GeV PS (Japan)
• first dedicated experiment to this decay mode
• pilot experiment for KOTO (J-PARC E14)
• physics runs are taken in 2004-2005

measures height of the triangle

What makes background?
re

c.
 p

T

rec. z vertex

CC02-π0 CV-π0

CV-η

fiducial
region

• Three types of halo-n BG : 
• Collar Counter (CC02) π0 BG
    miss-meas. Eγ lower → largerθrec.
• CV π0 BG
    miss-meas. Eγ higher → smallerθrec.
• CV η BG
    M(π0) ≠ M(η) → smallerθrec.

• Halo neutron BG : the dominant BG
•neutron flux surrounding beam 
core hits detector around beam 
→creates π0 or η (→2γ)

Final Results on the Rare Decay KL0→π0νν 
from the KEK-E391a Experiment

• Opening the signal box for the final data sample

_

_

_

_

E391a Final Upper Limit
BR(KL→π0νν) < 2.6 x 10-8 @ 90% C.L.

_

CsI calorimeter

576 crystal blocks

hermetic veto

θrec.
E1

E2

Detection Principle

E391a Detector
CsI Calorimeter

pure CsI crystal
7x7x30cm (5x5x50cm)
576 channelsCharged Particle

Veto Detector

Photon Veto Detector

KL

π0

γ

γ

ν

ν

_

• To identify 
KL→π0νν state

• To say “2γ + nothing”
• 2γ → CsI calorimeter (energy, position)
• nothing → hermetic veto detector
• Reconstruct decay vertex with M(π0)
       M(π0)2 = 2E1E2(1-cosθ)
      ← “pencil” beam to improve pT resol.
• select signal using decay vertex and
transverse momentum

→2γ→cannot detect

• Features of this decay mode
• “direct” CP violating process
• measures η in CKM matrix
 Br(KL→π0νν)∝η2
• small theoretical uncertainty
~ a few % : called as “gold-plated” mode
• rare decay : 2.5x10-11 @SM
• Comparison to the 
measurement in B-system
• precise check of SM
• probe to NP

Background Estimation
• Halo neutron BG was estimated by FLUKA simulation
• π0 & η production rate was confirmed by a dedicated run

Optimized Event Selection

Ibaraki, Japan Experimental Site

12GeV PS

• Event selection was optimized from our previous analysis
• Introduced new selections on the CsI crystal hit pattern

• Statistics
- (8.70±0.61)×109 KL decays
- estimated by KL→2π0 
  event sample

• Improvements
• ×20 from previous 
experiment (kTeV)
• ×2.6 from our previous 
result
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Previous event selection E391a final event selection

with keeping the S/N as same levelAcceptance : 0.67% → 1.04% (+50%)
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