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OUTLINE

1. In the beginning there were

kaons

2. CP violation

3. Still to be done

4. Fixed Target and φ–factory

5. CPT tests
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What did we learn from kaons

1. Flavor

2. P\
3. ∆S =∆Q

4. Dominance of ∆I = 1/2

still embarassing

5. Mixing (sin θC)

6. Quarks

7. C\P\

Blois, 16 June 2002 Juliet Lee-Franzini - CP and CPT Studies.. 3



Some history

1. 1964 C\P\ in |∆S| = 2
2. ’67-’73 AL� ∼ √

2�ε
3. . . . -’01 Direct C\P\ in |∆S| = 1
4. ’01 C\P\ in |∆B| = 2
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What’s missing

1. Origin of C\P\ still unknown
2. �(ε′/ε) �=0 rules out Superweak theory, but
3. CKM⇔�(ε′/ε) evades us
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Other C\P\ Kaon Physics

1. KS→π0π0π0, BR∼2× 10−9
2. Odd pion slopes from K+ - K−

3. K±→π±π0γ
4. Γ(++−)⇔ Γ(−−+) etc.
5. KS→π0e+e−
6. KL→π0νν̄, BR∼3× 10−11

NA48/1, KLOE 2004

NA48/2, KLOE 2004

NA48/2, KLOE 2004

KLOE 2004

NA48/1, KLOE 2004

KOPIO?

In order of difficulty, BR!

Expected signals are quite predictable for 1. and 6.

5. Needed for understanding KL→π0e+e−
The situation is different for 2., 3. and 4.
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1. KS→π0π0π0
From KS impurity:

BR=1.89× 10−9, uncertainty ∼1.3%, a must!!
It has been said that finding a different answer would be proof

that QM is no good (JE).

2. K± → 3π

Let Γ(K+→ π+π+π−) ≡ Γ+++−
then Γ+++− − Γ−−−+ �= 0⇒ C\P\, etc.

3. Odd pion slope

A = (g+ − g−)/(g++ g−) �= 0⇒ C\P\
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ηi, BR and all that

Let: KS=K1+εK2; KL=K2+εK1; ηi = 〈i|KL 〉/〈i|KS 〉
ε = (2η+−+ η00)/3; arg ε = 4φ+−/3− φ00/3.

η000 =
〈3π0|KL 〉
〈3π0|KS 〉

= ε+ ε′000; |ε′000/ε| � 1

BRS(3π
0) = |η000|2 ×BRL(3π0)×

ΓL
ΓS

= |ε|2 ×BRL(3π0)×
τS
τL
= 1.9× 10−9

From δ� η000 ∼ 2.2 × 10−2 and δ� η000 ∼ 2.8 × 10−2 it follows δBRS(3π0) ∼
4.6× 10−7 or BR < 0.8× 10−6 at 90% cl.
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KS→π�ν

Learn about

1. ∆S =∆Q

2. TCP

by measuring

3. Γ(KS → π�ν)

4. AS�
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∆S =∆Q

There is no ∆S = −∆Q in the SM: s→W−u, s̄→W+ū

Fake ∆S = −∆Q
d �

u

K
� u

s W� d
��

e�
W�

x =
A(K̄ → �+π−ν)
A(K̄ → �−π+ν̄)

∼ Gm2 ∼ 10−6 Exp: x < 10−2 @90% CL

NOT x =
A(∆S = −∆Q)
A(∆S =∆Q)
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TCP and ∆S =∆Q

Decay Rates

Γ(KS → π�ν) = Γ(KL→ π�ν)

Leptonic Asymmetry

AS� = AL�

It is not possible to disentangle both within the KS-KL system.

It is necessary to combine with K0 (or K0) states tagged by SI.
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Need eg, e+e−→φ→K+K−. One K tags the other. Charge ex-

change in any material gives K0(or K0).

If c = d = 0, then

AS� −AL� = 4�δ

A limit from the above improves the determination of(
M(K0)−M(K0)

)
/M

Need n× 1010 K’s, tens of fb−1
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TCP can be violated in mass-matrix and/or decay amplitudes: 5

complex parameters for K→π�ν.

2δ = εS − εL
a = A(TCP -even, ∆S =∆Q)

b = A(TCP -odd, ∆S =∆Q)

c = A(TCP -even, ∆S = −∆Q)
d = A(TCP -odd, ∆S = −∆Q)
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K±→3π Decays
There are four C\P\ asymmetries:

AΓ =
∆Γ

2Γ
=
Γ(K+→ 3π)− Γ(K− → 3π)

Γ(K+→ 3π) + Γ(K− → 3π)

Ag = ∆g
2g
=
g(K+→ 3π)− g(K− → 3π)

g(K+→ 3π) + g(K− → 3π)

for both τ i.e. π±π±π∓ and τ ′ or π±π0π0.

Asymmetry due to interference of two ∆I = 1/2 amplitudes a, b

No ∆I = 3/2 suppression. �a/�a∼�b/�b∼10−4. But to lowest
order in chiral perturbation arg a = arg b. Asymmetries in SM are

therefore very small.
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Example:

Ag =
(�b
�b −

�a
�a

)
sin(α0 − β0) = O(10−6)

α0 − β0 small rescattering phases, sin(..)∼0.1.
From Maiani and Paver:

Ag, τ = (−2.3± 0.6)× 10−6

Ag, τ ′ = (1.3± 0.4)× 10−6

AΓ, τ = (−6± 2)× 10−8

AΓ, τ ′ = (2.4± 0.8)× 10−8

But where things are small big surprises might hide.
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D’Ambrosio, Isidori, Martinelli:

Large C\P\ effects, Ag of O(10−4), could be triggered by a misal-
lignment of quark and squark mass matrices through the chro-

momagnetic operator - CMO:

possible only if several conditions. . . conspire in the same direc-

tion.

Fine tuning becomes then necessary for explaining �(ε′/ε).
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CP , Unitarity and Triangles

The price of C\P\: J = A2λ6η=(2.7±1.1)×10−5, i.e. poorly known.

J is also (2×)area of all unitary triangles.

Check closing of all triangles and compare their areas.

Still many measurements needed for B’s, one for K’s
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Notation

Wolfenstein

V =




1− 12λ2 λ Aλ3(ρ− iη)
−λ 1− 12λ2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


 .

λ=0.22 to ∼1%, A∼0.84±0.09, |ρ− iη| ∼ 0.3±50%.
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The K Triangle

�

h A� � �	
 ��� �
�J

12

δJ12
J12

= 6%⊕ δη
η

Γ(KL→ π0νν̄) ∝ η2; BR∼3× 10−11

J12 = λ(1− λ2/2)�(VtdV ∗
ts) ≈ 5.6[B(KL→ π0νν̄)]1/2

100 events determine δη/η to 5% and J12 to ∼8%.
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K+→ π+νν̄: 2 events, BR∼1.5× 10−10
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Unitarity

The most stringent proof so far is the extended GIM cancellation

in M(KL)−M(KS) and K0→ µµ

Additional testing should not be limited to the closing of a trian-

gle, but of all triangles.

AND must verify the equality of the areas of all triangles.
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φ–factory Yields

Parameter Design 2001 2004

Bunches 120 45

Current (A) 5 1.2

L (µb−1 s−1) 5× 1032 5× 1031 5× 1033

Beam τ (m) �100 <20
∫
1y

Ldt pb−1 5000 ∼190 50,000
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The uniqueness of e+e−→φ→KSKL

| i 〉 = |K0,p 〉|K0,−p 〉 − |K0,p 〉|K0,−p 〉√
2

|KS 〉 ≡ p′|K0 〉+ q′|K0 〉
|KL 〉 ≡ p|K0 〉 − q|K0 〉

|p′|2 + |q′|2 = 1
|p|2 + |q|2 = 1

| i 〉 = |KS,p 〉|KL,−p 〉 − |KL,p 〉|KS,−p 〉√
2(qp′+ q′p)

CPT invariance requires p′ = p and q′ = q
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1. Pure, KL, KS, K
0, K0 beams

2. Kaon interferometry

From unitarity and σ(γγ → K0K0, JP = 0+)

e+e− → KSKS or KLKL
e+e− → φ→ KSKL

∼ few × 10−10

Unique opportunity to study:

KS BR’s to high accuracy

KS Rare decays: KS semileptonic. . . KS→π0π0π0, KS→π0νν̄
in addition to CP and CPT , the original mission of KLOE.
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Things to do

1. Measure Vij

2. Verify unitarity

3. Find KS→π0π0π0
4. Study KS→π�ν
5. Verify ∆S =∆Q

6. Keep an eye on TCP

7. Hopefully peek beyond the SM
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Mode BR Acc. Events Acc Events Note

KLOE NA48

KS→π+π− 0.67 0.15 5× 109
KS→π0π0 0.31 0.15 2.5× 109
KS→πeν 7.4× 10−4 0.05 2× 106

KS→π0e+e− 5.2× 10−9 0.05 13 0.05 7 Ind C\P\
KS→3π0 2× 10−9 0.17 16 0.05 4 η000

KS→π0γγ 4× 10−8 0.15 300 0.1 114

KS→π+π−γ 1.8× 10−3 0.15 1.35× 107
KS→π+π−π0 3.2× 10−7 0.17 2500

KL→π+π−π0 0.12 0.16 1× 109
KL→π+π− 0.002 0.11 1.1× 107
KL→π0π0 0.001 0.1 4× 106
KL→π+π−γ 4.6× 10−5 0.16 3.7× 105
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Mode BR Acc. Events Acc, Events Note

KLOE NA48

K±→π+π−π± 0.056 0.03 1.26× 108 2× 109 (1)

K±→π0π0π± 0.017 0.09 1.22× 108 1.2× 108 (2)

K±→π±π0γ 2.8× 10−4 0.1 2× 106 0.1 1× 106 (3)

K±→π±γγ 5× 10−7 0.15 3750

Notes:

(1). KLOE: δAg=4× 10−4, δAΓ=10−4. NA48/2: δAg=2× 10−4.
(2). KLOE: δAg=2× 10−4, δAΓ=10−4. NA48/2: δAg=3.5× 10−4.
(3). KLOE: δAΓ=10

−3. NA48/2 δAΓ=10−2.
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• • •t1 t2

KS, KL KL, KS
f1 f2

φ

I(f1, f2, t1, t2) = |〈 f1|KS 〉|2|〈 f2|KS 〉|2e−ΓS t/2×
[|η1|2eΓS∆t/2 + |η2|2e−ΓS∆t/2 − 2|η1||η2| cos(∆mt+ φ1 − φ2)]

I(f1, f2; ∆t) =
1

2Γ
|〈f1|KS 〉〈f2|KS 〉|2 × [|η1|2e−ΓL∆t+

|η2|2e−ΓS∆t − 2|η1||η2|e−Γ∆t/2 cos(∆m∆t+ φ1 − φ2)]

Measure ∆M , Γ, ηi – including phases.

ηi =
A(KL→i)
A(KS→i), arg(η) = φ
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Interference examples
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KLOE vs NA48 and KTeV
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KS-decays

∆I = 1/2

Chiral expansion parameters

Calculation of �(ε′/ε)
BR’s for KS decays (and KL)

R = Γ(KS → π+π−)/Γ(KS → π0π0), not well known, few%

(L→ +− /L→ 00)/(S → +− /S → 00) known to ∼0.1%
Would like to reach 0.1% on former.

Corrections are background sensitive.
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KS decays

Γ(KS → π+π−)/Γ(KS → π0π0)

� ���

��� ��� ����

� ���

����

�����

�����

1 RF bucket

!"
 �KL

Ev/bin

KL interacting in the

calorimeter gives an

ideal KS tag, almost in-

dependent of KS decay

mode
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KS → ππ

Trigger eff >96.5%
Overall accept. ∼57%
ALL FROM DATA ⇓

Systematic errors

Source Error, %

Tracking 0.2

Cluster count 0.5

Trigger 0.06

Cosmic-r. veto 0.35

Tagging 0.4

Total 0.76

'76

'74

'73

'72

'72

'72

'71

'70

'69

*

*

2.0 2.1 2.2 2.3 2.4

PDG

KLOE

#
 � � ��#
 � � �K KS
� � � �

S� �

R = 2.239±0.003(stat.)±0.015(syst.) PLB 538, 21, June 2002

KLOE includes all KS→π+π−γ, others inc. unknown fraction.
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KS → πeν KLOE ’01

Data 17 pb

DMC fit

630 events

��

��� �� ��� � �� � �� ��

E pM M�$ $

MeV

���

��

���

Events/1 MeV

BR=(6.91± 0.37)× 10−4
PLB 535, 37, May 2002

Use only non spiraling

tracks. TOF for electron ID

Compare Emiss with |pmiss|
Almost complete rejection of

π+π− background

40
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CMD-2 1998
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Ecal (MeV) 5 10 20 40 60 80 100 120 140 160 200
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K± → π±π0π0
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Conclusions

NA48/1 and NA48/2 will (presumably) have results by 2004.

KLOE Will begin taking data in 2004.

Thereafter one needs more intense kaon sources to attack the

golden processes KL→π0νν̄, →π0e+e−.

We have studied C\P\ for 39 years, we still have quite a few
to go.
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