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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

8

[

−
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3xt − 6

(1 − xt)2
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]

(II.7)

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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29xt − x2
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The KL→π0νν ̅decay
• “Direct” CP violation process

• Measurement of the parameter η in CKM

- Amplitude
‣ A(KL→π0νν)̅ ∝ A(K0→π0νν)̅ - A(K̅0→π0νν)̅
               ∝ Vtd*Vts - Vts*Vtd

               = 2 x Vts x Im(Vtd) ∝ η
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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

CITATION: S. Eidelman et al., Physics Letters B592, 1 (2004)
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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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B(KL → π0νν̄) = κL

[
Im(V ∗

tsVtd)
λ5

X

]2

= (2.54± 0.35)× 10−11

*Mescia & Smith ’07     †Misiak & Urban ’99, Buchalla & Buras ’99     † ‡Buchalla & Buras ’97
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X = 1.456± 0.017mt ± 0.013µt ± 0.015EW
‡

CKM

69%

mt

12%

#t , EW

15%

4%

!L

?

SM prediction of KL→π0νν̅
• Br(KL→π0νν)̅SM =                   

    = (2.49 ± 0.39) x 10-11

           (F. Mescia and C. Smith, PRD76, 074017(2007) )

• Theoretical uncertainty: 1-2%
✓ dominated by NNLO QCD & EW

‣ “Golden mode”
‣ An exceptional tool to

- check SM
- discover New Physics
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• within SM amount of 

CP violation could be 
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unmatched precision

• unkown NNLO & EW 
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K→πνν ̅decays on the ρ-η plane
• Kaon Decays on the Unitary Triangle

- Br(KL→π0νν)̅ ∝ η2

- Br(K+→π+νν)̅ ∝ |Vtd|2

• Comparison to the measurements
in the B-meson experiments
- to check
‣ consistency within SM
‣ flavor coupling of NP
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ρ̄ = ρ
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KL→π0νν ̅experiments

• Challenging Task
- Br(KL→π0νν)̅SM = (2.49 ± 0.39) x 10-11

• History of upper limit
- L.S. Littenberg
- FNAL: 2.2 x 10-4 → 5.9 x 10-7

- KEK:  2.1 x 10-7 (@90%C.L.) by E391a
‣ π0→e+e-γ

- Br(π0→e+e-γ) ~ 1%
- decay vertex by tracking

‣ π0→γγ
- no kinematical constraint
- Br (π0→γγ) ~ 99% 
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The E391a experiment
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The E391a collaboration
• 12 institutes, ~50 members

- Dept. of Physics, Pusan National Univ. 
- Dept. of Physics, Saga Univ.
- Joint Institute for Nuclear Research
- Dept. of Physics, National Taiwan Univ.
- Dept. of Physics and Astronomy,

    Arizona State Univ.
- KEK & SOKENDAI
- Dept. of Physics, Osaka Univ.
- Dept. of Physics, Yamagata Univ.
- Enrico Fermi Institute, Univ. of Chicago
- National Defense Academy
- Dept. of Physics, Kyoto Univ.
- Research Center for Nuclear Physics, Osaka Univ. 

‣ Countries: Japan, the US, Taiwan, South Korea, and Russia
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The E391a experiment
• KL production with KEK 12GeV PS

- Slow extraction
- K0 beamline in the East Counter Hall
‣ Intensity

- 2 x 1012 protons on target (POT) per 2sec spill, 4sec cycle
‣ production angle: 4°, KL peak momentum 2GeV/c, n/KL ratio: ~40

• Physics runs
- Run I:  February to July of 2004
‣ “Express” analysis with 10% data published in PRD (2006)

- Run II: February to April of 2005
‣ Full data analysis

- Integrated protons: 1.4x1018 POT
✓ ~ 32 days without break

- Run III: October - December of 2005
‣ Calibration ready, MC development in progress
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KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

Principle of the experiment

1.  require 2 photons
•  Hermetic veto system

2. measure the photon energies and positions

3. reconstruct the decay vertex
  on the beamline assuming M2γ =  Mπ0
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4. require missing PT and the 
vertex in the fiducial region
• “Pencil” beam line

to improve PT resolution
- 8cm diameter @ 16m 

from the target
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The E391a Detector

11

KL
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Features of E391a apparatus
• Decay region

- High vacuum: 10-5 Pa
‣ to suppress the background

from interactions w/ residual gas

• Detector components
- Set in the vacuum:  0.1 Pa
‣ separating the decay region

from the detector region
with “membrane”: 0.2mmt film

12

CC00

CsI calorimeter

Charged Veto (CV)
Main Barrel (MB)

Front Barrel (FB)
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Analysis overview
•KL flux calculation

- Result of KL reconstruction
‣ 6γ: KL→π0π0π0

‣ 4γ: KL→π0π0

‣ 2γ: KL→γγ
- Normalization by MC
- Systematics

•KL→π0νν ̅search
- Backgrounds
- Result

13
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KL reconstruction
• π0(KL) reconstruction w/ 2 photons

‣  

• KL reconstruction w/ KL→2π0, 3π0

- Take the best χ2 for the vertex distribution in paring
‣  

• Cuts
- Photon Vetoes: typically O(1) MeV
- Kinematic cuts
- Photon quality cuts

14
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Decay Z-Vertex
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Kaon Momentum
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KL→π0π0π0

16

Transverse Momentum
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KL→π0π0π0

17

Decay Vertex (Z), Analysis Cuts
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KL→π0π0

18
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Decay Z-Vertex, Analysis Cuts minus Z, Total Event Normalization
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KL→γγ

19

Two Cluster Z-Vertex Spectrum (All Cuts)
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Summary of KL flux

• Signal: 340-500, 497-3x5.2 < M < 497+3x5.2 MeV for π0π0, π0π0π0

20

Mode
Signal Events
(Full Data Set)

Acceptance
(with Accidental Loss)

Flux 
(w/ systematic errors)

Discrepancy
(X - π0π0)/

π0π0

K → γγ 20,685  (0.697 ± 0.004Stat)% (5.41 ± 0.37) x 109 5.0%

K → π0π0 1494.9 (1500 - 5.1)
(π0π0π0 contribution)  (3.35 ± 0.03Stat) x 10-4 (5.13 ± 0.40) x 109 0%

K → π0π0π0 70,054  (7.13 ± 0.06Stat) x 10-5 (5.02 ± 0.35) x 109 -1.9%
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KL→π0νν ̅search
•Blind analysis

- Hide signal region (+ Control region)
‣ The blind “Box”: on PT - Z plot

- All backgrounds are estimated
w/o looking into the Box

- After completion of BG estimation,
the Box will be opened

21
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Kaon backgrounds

• BG w/ Kaon decays
- KL→γγ
‣ by PT mis-measurement

- KL→π0π0→γγγγ
‣ missing 2 photons
‣ Main background
in Kaon decays

22

PT

Z

KL→2π0

KL→2γ

signal region
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Cut Line

KL→γγ BG
•“Acoplanarity” angle cut
for PT mismeasurement

•Result
- negligible

23

KL → γγ MC, No Cuts

6.2. EVENT SELECTION CUTS 87
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KL→π0π0 BG
•~x10 statistics

24
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Halo neutron backgrounds
• Interactions of the halo neutrons
with detectors
- “CC02”
‣ upstream of the decay region

- π0 with energy leakage
- “CV” 
‣ π0 + X

- w/ extra energy
‣ η

- reconstruction assuming 
M2γ = Mπ0

25
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Methods to estimate Halon BG
•CC02

- special run  w/ production target
•CV

- π0: Geant3 MC
- η
‣ Cross section normalized by the special run
‣Geant4 (QBBC, Binary Cascade) + Geant3

26
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The Aluminum plate run
• Setting 5 mm thick Al target
at 6.5 cm from the CC02’s surface

• statistics
- 5.57x1016 POT (data: 1.40x1018)

• BG estimation using the Al run
- CC02 events
‣ contamination to downstream by

- shower leakage
- photo nuclear effect

- η production
‣ evaluate the cross section

27
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CC02 events distribution
• using target run sample

- 0.12 < PT < 0.24 GeV/c

• taking S/N w/ target run sample
and signal MC
- set boundary at z=340cm
‣ 300-340: Control region
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CC02 background
• CC02/Al events in 200-300cm

- normalization by the number of events
- smearing using the distribution by MC

• Opening the Control Region
- 300-340: 106 events→ 1.9±0.2 events

‣ observed: 3 events

• Result of BG at 340-500cm
- signal in target run: 9
- 9*(120/6824) = 0.16 ± 0.05 events
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η production by the halo neutrons
• η’s produced at CV by halo neutrons

- could be reconstructed into signal box
assuming π0 mass

- ex.)  η generated  at z = 570cm
 → reconstructed at z = 370cm

- Evaluation of the cross section
: by Al plate run
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momentum( GeV/c )
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η production in the target run
• Assuming the vertices at the Al plate

• number of η event
- accidental loss factor: 0.8020
- data = MC x 1.0

w/ invariant mass > 0.52 GeV/c2

- well-reproduced by the Binary Cascade Model

m>0.52 GeV/c2
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Result of η background
• estimation

- POT normalization:  1.41x1018  /  2.79x1020

- BG events: 16
- additional factor

‣ target run η production: 1.0
‣ accidental loss: 0.8257
‣ TDI selection: 0.967^2
‣ Time difference: 0.974

• BG Result
- 16*(1.41x1018  /  2.79x1020) * 

0.8257 * 0.967^2 * 0.974
     = 0.06 ± 0.02

η MC w/ all cuts

32



Flavor Physics Workshop - Feb. 21, 2008    “New Result from E391a on the search for the decay KL→π0νν”̅     T. Sumida (Kyoto Univ.)

• π0 productions at CV
- data: 17 events, MC: 18.2±6.1 events

• BG sources: multi π0 production,
               π0 + neutron hit
- bifurcation method

‣ experience in Run-I
- work at the downstream
- BG estimation w/ MC

• Cut sets
- set-up cuts

‣ upstream veto detectors, CsI, π0 kinematics
- set A

‣ downstream veto detectors
- set B

‣ gamma selection
• Result

- 0.08±0.04 events

Halon MC
π0 production at CV
w/o photon vetoes

CV background
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w/ kinematic cuts

NXȲ  : number of events w/ cuts
“   ̄ “ : rejected

NAB / NAB̄ = NĀB / NĀB̄  
⇒ NAB = (NĀB x NAB̄) / NĀB̄ 
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Background summary
• Control region

- (1) 300-340cm : 1.9±0.2
‣ CC02: 1.9±0.2

- observed: 3 events

- (4) 300-500cm, Pt<0.12 GeV/c
‣ CC02: 0.26±0.07
‣ CV-η: 0.04±0.01
‣ CV-π0: 0.09±0.04

- total: 0.39±0.08
- observed: 2 event

• Signal region:
- (2) 340-400cm: 0.15±0.05

‣ CC02: 0.11±0.04
‣ CV-η: 0.04±0.02

- (3) 400-500cm: 0.26±0.11
‣ CC02: 0.05±0.03
‣ CV-η: 0.02±0.01
‣ CV-π0: 0.08±0.04
‣ KL→π0π0: 0.11±0.09

-  total: 0.41+0.11

Data w/ all the cuts
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Opening the box
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Result
•Acceptance: A = 0.666%
• Flux: NKL = (5.13 ± 0.40) x 109

• S.E.S = 1 / (A·NKL)
       = (2.93 ± 0.25) x 10-8

• Upper Limit
- 0 event observation
‣ interval: 2.3 w/ Poisson stat.

- Br(KL→π0νν)̅ < 6.7 x 10-8

                (@90% C.L.)
✓ arXiv:0712.4164
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Improvement in the Upper Limit
• Upper limit

- New result by E391a Run-II
‣ Br(KL→π0νν)̅ < 6.7 x 10-8

- KTeV
‣ π0→γγ

- Br < 1.6 x 10-6: x 24
‣ π0→e+e-γ

- Br < 5.9 x 10-7: x 8.8
- Run-I 1week

‣ Br < 2.1 x 10-7 : x 3.1

• Future Plans
- E391a Data Analysis

‣ Run I  : remaining data sample
         (x9 of 1week)

‣ Run III: ~70% KL of Run II
- Further optimization 

✓ Final result combining all runs
- J-Parc E14 R&D

‣ E391a detector + many upgrades
- CsI   : 7x7x30cm → 2.5x2.5x50cm
- CC02 : full active, fine segment
- CV    : set far from the beamline, close to CsI
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Summary
• KL→π0νν ̅decay

- Direct measurement of CP violation parameter η
- Sensitive to New Physics

• The E391a experiment
- First dedicated experiment to KL→π0νν̅
- 3 physics runs
‣ Analysis of Run-II full data completed

• Result
- Single Event Sensitivity
‣ S.E.S. = 1/(A·N) = (2.9±0.3) x 10-8

- Background
‣ NBG = 0.41 ± 0.11

- Upper Limit
‣ 0 event observed
‣ Br(KL→π0νν)̅ < 6.7 x 10-8 (@90% C.L.)
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