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� DIRECT CP VIOLATION

� TESTSof � PT THEORY



HISTORY

� NA31 publish 3� result [Re(� 0=�) = (23:0 � 6:5) � 10� 4];

E731 publish null result [Re(� 0=�) = (7:4 � 5:9) � 10� 4]

� 1990: NA48proposal

� 1997: � 0.5million K L ! � 0� 0

[Re(� 0=�) = (18:5 � 7:3) � 10� 4] (published1999)

� 1998-1999: ImprovedtriggerandDAQ

)� 3 million K L ! � 0� 0

[Re(� 0=�) = (15:0 � 2:6) � 10� 4] (published2001)

� 1999 (No vember): Beamtube implosion;drift chambersdestroyed

� 2000: Neutraldataonly (� 0=� cross-checks andhigh intensity K S beam)

� 2000-2001: Drift chamber reconstruction

� 2001: � 1.5million K L ! � 0� 0 (di�erent beamconditions)

[Re(� 0=�) = (13:7 � 3:1) � 10� 4] (published2002)

� 2002: High intensity K S beam(newdrift chamber readoutelectronics)

� 2003: ChargedKaonprogram





RunningConditions
1998-1999 2000� 2001

ProtonMomentum [GeV/c] 450 400 400
SPSCycleTime [s] 14.4 14.4 16.8s
Spill Length(E�ective) [s] 2.4(1.7) 3.2(2.2) 5.2(3.6)
Duty Cycle 0.17 0.22 0.31
K L BeamIntensity [(� 1012) ppp] 1.5 1.0 2.4
K S BeamIntensity [(� 107) ppp] 3.0 1:0 � 102 5.0

� No drift cham bers









NeutralReconstruction



NeutralKaons

� Productionin StrangenessEigenstates;Decay in CP Eigenstates

jK 0i =
1

p
2
(jK 1i + jK 2i ); (S = +1)

jK 0i =
1

p
2
(jK 1i � jK 2i ); (S = � 1)

CPj� � i = + j� � i CPj� � � i = �j � � � i

� K 1 ! � � andK 2 ! � � � (allowed)

� K 1 6! � � � andK 2 6! � � (not allowed)



But CP NOT Conserved

� About 1%of the time, a \ K 2" ! � �

� Indirectly?

jK 0
Si =

1
p

1+ � 2
(jK 1i + � jK 2i )

jK 0
L i =

1
p

1+ � 2
(� jK 1i + jK 2i )

j� j = (2:28� 0:02)� 10� 3

� Directly?

�( K 0 ! F ) 6= �( K 0 ! F )

�( K 0
L ! � 0� 0)=�( K 0

S ! � 0� 0)
�( K 0

L ! � + � � )=�( K 0
S ! � + � � )

6= 1



Direct CP Violation

� � � from K 0 canhave I = 0 or 2

Two Amplitudes:A0 andA2

� De�ne ratio of CP-violating/ CP-conservingamplitudes:

A(K L ! � + � � )
A(K S ! � + � � )

� � + � = � � � 0

A(K L ! � 0� 0)
A(K S ! � 0� 0)

� � 00 = � � 2� 0

� 0 (direct CP violationparameter)� ip
2
I m

�
A2
A0

�

ei (� 2� � 0)

� Theoreticalpredictions:few10� 4 � j� 0=�j � 2 � 10� 3

� Experimental observable:

R �
�( K 0

L ! � 0� 0)=�( K 0
S ! � 0� 0)

�( K 0
L ! � + � � )=�( K 0

S ! � + � � )
= 1 � 6Re(� 0=�)



AnalysisPhilosophy andApproach

All e�ects cancel to �rst order

� MeasureR in (5 GeV-wide)energybins

� Weight K L lifetime

� Apply chargeddeadtimefractionto all data

� Weight K S 
ux

� Tagparent andcorrectfor misidenti�cation

� Identify decay channelsandsubtractbackgrounds

� Correctfor non-linearitiesandenergyscale

� Computeresidualacceptancedi�erences

� Evaluateresidualdi�erencesin accidental rates



Event statistics
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2001statistics:

K L ! � 0� 0 : 1:55� 106

K S ! � 0� 0 : 2:16� 106

K L ! � + � � : 7:14� 106

K S ! � + � � : 9:61� 106





Systematicchecks

Preciseevaluation of systematicsto 10� 4 level is
essential

R stability against cut variations

R - Rstandard  (10-4)

Acceptance

Accidentals

Tagging

Energy scale

Neut. Backg.

Charg. Backg.

Beam Halo

total syst. error

Estimated systematic
for correction under test

outgoing tracks
ingoing tracks

no mom. asym. cut
mom. asym. L 0.2

track radius G 20 cm
g radius G 20 cm

no Ks/Kl intensity weighting
no extra clusters in p+p-
reject DCH-ovfl ± 350 ns
reject DCH-ovfl ± 234 ns

accept MBX dead time
accept QX dead time

tagging window ± 1.5 ns
tagging window ± 2.5 ns

t  L 2.9 t S

t  L 3.8 t S

c2 L 9.9
c2 L 17.1

p©T2 L 1.5x10-4
p©T2 L 3.0x10-4

DMpp L 2 s
DMpp L 4 s
Cg L 7 cm

Cg L 11.5 cm

-20 -10 0 10 20 30



2001Result(in EnergyBins)

R = 0:99181� 0:00147(stat) � 0:00110(syst)



NA48Results

1997 Re(� 0=�) = [18:5 � 4:5(stat) � 5:8(syst)] � 10� 4

98/99 Re(� 0=�) = [15:0 � 1:7(stat) � 2:1(syst)] � 10� 4

2001 Re(� 0=�) = [13:7 � 2:7(stat) � 1:5(syst)] � 10� 4

AVERAGE Re( � 0=� ) = [14:7 � 2:2] � 10� 4

Note: small correlation betweensystematicuncertainties accounted for in weighted average



Summaryof Measurements



Chiral PerturbationTheory

� Low energy(scale� 4� F� � 1:2 GeV) e�ective �eld theory:

Perturbative expansionsin momentum andmass

� Chiral symmetrybroken: SU(3)L � SU(3)R ! SU(3)V
) Eight pseudoscalarGoldstonebosons(� ; � ; K )

� Bosonmass6= 0 [(soft) explicit breaking]

� Higher order bosonicloopsdiverge,but compensatedby counter-termswith
(empiricallydetermined)e�ective couplings

� Ought to describe kaondecays: eg.,K L;S ! � 0
 
 , K L;S ! 
 




K 0
L ! � 0
 
 andK 0

S ! 
 


� O(p2) = 0 for both

� No counter-termsrequiredfor either: O(p4) predictionsunambiguousto better
than 5%

� PDG:

BR(K 0
S ! 
 
 ) = (2:5 � 0:4) � 10� 6

BR(K 0
L ! � 0
 
 ) = (1:68� 0:10)� 10� 6



K 0
L ! � 0
 


� O(p4) missesboth the observedbranching fraction,(1:68� 0:10)� 10� 6,

andevents with m
 
 < 0:2 GeV
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� O(p6) terms(includingvectormesonexchange)predict :

BR(K 0
L ! � 0
 
 ) = 1:5 � 10� 6; av = � 0:7

� av, extractedfrom m
 
 distribution, determinesCP-conservingamplitudein
K L ! � 0e+ e�



K 0
L ! � 0
 
 Analysis

� NormalizationchannelK 0
L ! � 0� 0 collectedwith sametrigger

� Reject2� 0 background:

{ jm12 � m� 0j < 3 MeV andjm34 � m� 0j > 25MeV

{ Transversemomentum of lowestenergyunpairedphoton> 40MeV

{ Subtractremnants with tails of K 0
S ! � 0� 0 distribution

� Reject3� 0 background(from missedor mergedshowers):

{ Shower width
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� Subtractpile-upusingCOGsidebands



K 0
L ! � 0
 
 Results

� � 2500candidates
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� av = � 0:46� 0:03(stat) � 0:03(syst) � 0:02(theo) (seeplot)

) BR(K L ! � 0e+ e� )CP� C = (4:7 � 2:2) � 10� 13

) BR(K L ! � 0
 
 ) = [1:36� 0:03(stat) � 0:03(syst) � 0:03(norm)] � 10� 6

[Note: KTeV �nds av = � 0:72 � 0:08; ) non-negligiblecontribution to
BR(K L ! � 0e+ e� )CP� C, andBR(K L ! � 0
 
 ) = (1:68� 0:10)� 10� 6]
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K 0
S ! 
 


� Year2000data: single beams, no drift chambers

� Normalize to K 0
S ! � 0� 0

� Irreducible background: K 0
L ! 
 


N (K 0
L ! 
 
 )

N (K 0
S ! 
 
 )

� 1:5 in decay volume

Knowledgeof this ratio limited by 3% K L BR uncertainty:
(2:77� 0:08)� 10� 3

) Impro ve K L BR measuremen t relativ e to K 0
L ! � 0� 0� 0

[BR(K 0
S ! � 0� 0� 0) � 1]

� Collect�v e datasamples:

{ far target: 
 
 , 3� 0

{ near target: 
 
 , 2� 0, 3� 0

� Coun t 3� 0 events ) N (K 0
L ! 
 
 )

) N (K 0
S ! 
 
 ) = N (K 0 ! 
 
 ) � N (K 0

L ! 
 
 )



�( K 0
L ! 
 
 )

�( K 0
L ! 3� 0)

� Far-targetdata

� Restrictdecay volumeto that of K 0
L ! 
 


� Determinehadronicandotherchargedbackgroundsfrom hadroniccalorimeter
andchargedhodoscope hits asa functionof COGdistribution

COG (cm)

gg candidates

3p0

background

bkg. model
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) Background= (0:6 � 0:3)%

�[ BR(K S ! 
 
 )] = (0:9 � 0:4)%



�( K 0
L ! 
 
 )

�( K 0
L ! 3� 0) = [2:81� 0:01(stat) � 0:02(syst)] � 10� 3
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K 0
S ! 
 
 Analysis

� RejectbrokenK 0
S ! � 0� 0 events: � 1m< zvertex < 5m wrt collimatorexit

signal

region

      gg candidates
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2� 0 background= (0:8 � 0:2)%



� Rejecthadronicbackground(no tracking): no in-time HAC clusterandcut on
LKr clusterwidth

shower width (cell units)
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� Rejectaccidentals: � t 
 
 < 5 nsandsubtractextrapolatedhighPt events

tg1-tg2 (ns)
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Hadronicandaccidental background= (0:8 � 0:3)%



� RejectDalitzdecays(analyzingmagneto�{on for far-targetdata),� 0 ! e+ e� 
 :
pair fails to separateor onee too soft; correctvia simulation (e�ect twiceas
largefor normalizationchannel)

e+e- distance (cm)
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 ) = +(1:5 � 0:3)%



K 0
S ! 
 
 Result

� Roughly20,000K 0
L;S ! 
 
 events

� Non-
 
 background� 2:5%



K 0
S ! 
 
 CorrectionsandUncertainties

Hadronicbackgroundsandaccidentals � 2:1 � 0:7%
BrokenK S ! � 0� 0 � 2:1 � 0:4%
HadronicBackground(far-target) 0:9 � 0:4%
Dalitz Decay 1:5 � 0:3%
� 2 cut on � 0 masses � 0:3%
Triggere�ciency � 0:1%
BR(K S ! � 0� 0) � 0:9%
TOTAL � 1:8 � 1:4%
StatisticalUncertainty (data) � 2:0%
StatisticalUncertainty (MC) � 0:6%

BR(K 0
S ! 
 
 ) = [2:78� 0:06(stat) � 0:02(M C stat) � 0:04(syst)] � 10� 6

� Compatiblewith previousresults

� Di�ers by 30%from O(p4) prediction) largeO(p6) contribution?



K 0
S ! � 0
 


� Dominatedby pion poleof K 0
S ! � 0� 0: restrict to z � m2


 
 =m2
K � 0:2

� Theoreticalprediction: BR(K 0
S ! � 0
 
 ) = 3:8 � 10� 8 (Ecker, Pich, De

Rafael,1987)

� No PDG limit

� 1999high intensity K S run: 3 � 108 K S decays



K 0
S ! � 0
 
 Analysis

Backgrounds

� BrokenK S ! � 0� 0+ accidental

2:1 � 0:1 events (sidebandextrapolation)

� Mismeasured� 0 massfrom K S ! � 0� 0

0:1 � 0:1 event (simulation)

� K S ! � 0� 0
dalitz K S ! 3� 0

< 0:1 event (simulation)

� K L ! � 0
 


0.1event (irreducible,but calculable)

TOTAL BACKGROUND: 2:1 � 0:2 events
FOUND IN DATA: 2 events

PRELIMINAR Y LIMIT:
BR(K S ! � 0
 
 ) < 4:4 � 10� 7 at 90%CL



SummaryandConclusions

� Final measurement of directCP violation: PhysicsLettersB544(2002)97-112

2001:Re(� 0=�) = [13:7 � 2:7(stat) � 1:5(syst)] � 10� 4

Average:Re(� 0=�) = [14:7 � 2:2]� 10� 4

World Average:Re(� 0=�) = [16:7 � 2:3]� 10� 4

� K 0
L ! � 0
 
 : PhysicsLettersB536(2002)229-240

av = � 0:46� 0:03(stat) � 0:03(syst) � 0:02(theo)

) BR(K L ! � 0
 
 ) = [1:36� 0:03(stat) � 0:03(syst) � 0:03(norm)] � 10� 6

) BR(K L ! � 0e+ e� )CP� C = (4:7 � 2:2) � 10� 13

� K 0
L ! 
 
 : PhysicsLettersB551(2003)7

�( K 0
L ! 
 
 )

�( K 0
L ! 3� 0) = [2:81� 0:01(stat) � 0:02(syst)] � 10� 3

� K 0
S ! 
 
 : PhysicsLettersB551(2003)7

BR(K 0
S ! 
 
 ) = [2:78� 0:06(stat) � 0:02(M C stat) � 0:04(syst)] � 10� 6

� K S ! � 0
 


BR(K S ! � 0
 
 ) < 4:4 � 10� 7 at 90%CL (preliminary)

� 2002:High intensity K S andneutralhyperonrunning;databeinganalyzed

{ K 0
S ! � 0e+ e�

{ K 0
S ! � 0� + � �

{ Hyperonsemileptonicdecays: jVusj

{ Radiative hyperondecays: asymmetriesandnewmodes

� 2003:ChargedKaonprogram


