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CP AND CPT VIOLATION IN K0 DECAYS� ��M. HolderUniversity of Siegen, Fa
hberei
h Physik, 57068 Siegen, Germany(Re
eived September 18, 2002)The job of the experimentalist is to give numbers, with as many digits behindthe de
imal point as possible. R. FeynmanPhysi
s is an experimental s
ien
e! S. GlashowPACS numbers: 13.25.Es 1. Introdu
tionAlmost 40 years after the dis
overy of CP violation, in 1964, by Christen-son, Cronin, Fit
h and Turlay [1℄, experiments are now in a position to ruleout the �rst, ad ho
, model of Wolfenstein [2℄, in whi
h a new, super-weakintera
tion with a 
hange of two units of strangeness (�S=2) is responsiblefor CP violation, and to 
on�rm � within experimental and theoreti
al er-rors � the idea, formulated in 1973 by Kobayashi and Maskawa [3℄, thatCP violation is due to an imaginary 
oupling 
onstant in the quark mixingmatrix.Why did it take so long? To a large extent the reason is that the e�e
tsare extremely small, limited to the K0� �K0 system until the 
onstru
tion ofasymmetri
 B fa
tories, and very hard to measure. In these le
tures I wouldlike not only to present the latest results for the kaon system but also tore
all a part of the history. The development of an adequate instrumentationtook not only years, but de
ades. I will not dis
uss CP violation in theB system. Instead I will spend some time on CPT violation, whi
h 
omes asa byprodu
t of the experiments on the K0 system. In dis
ussing theoreti
al� Presented at the XLII Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,May 31�June 9, 2002.�� Work supported by the German Ministry of S
ien
e and Edu
ation (BMBF) under
ontra
t 056Si74. (4379)



4380 M. Holderissues I will mostly rely on the arti
le by Buras and Fleis
her [4℄ and on thebook by Bigi and Sanda [5℄. A further referen
e for the reader is the volume�CP violation� edited by Jarlskog [6℄.2. CP violation in K0 de
ays2.1. CP violation in state mixingK0 and �K0 are quark�antiquark bound states of s and d quarksK0=(�sd),with strangeness 1 and �K0 = (s �d), with strangeness �1. The W whi
hmediates the de
ay of the s quark 
an 
ouple to a lepton pair or to a quarkpair, leading to semileptoni
 or to hadroni
 �nal states (see Fig. 1).
K° = (sd)

K° = (sd)
—

–

–

Decay of s – quark

s u

e–

K° ® p+ –e ne

—
ne

Antiparticles: K° e® p n– +
e

s u

d

u
K°

° °

°

° ° °

® p p

p p

p p p

p p p

+ –

+ –

K°

° °

°

° ° °

® p p

p p

p p p

p p p

– +

– +

same decay channels

mixing between K° and K°

s           u              d

K°             W      W                 K°

d             u           s

W
–

–

W

–
—

—

– – –

–

–

®

Fig. 1. De
ays and mixing of K0 and �K0.The sign of the lepton in semileptoni
 de
ays tells the strangeness of thede
aying kaon. The hadroni
 de
ays are identi
al for K0 and �K0. There-fore, there is a 
oupling me
hanism for K0 to �K0 via intermediate hadroni
states. This 
oupling 
an be des
ribed, as in the 
lassi
al 
ase of two 
oupledpendula, by 
oupled di�erential equations. It is 
onvenient to write them inmatrix form, with a two-
omponent state ve
tor	 = � K0�K0 � :



CP and CPT Violation in K0 De
ays 4381At times su�
iently long 
ompared to 1/mK the most general form of a lin-ear equation in 	 and, therefore, 
ompatible with the superposition prin
i-ple, is id	dt = H	 = (M � i� )	 ; (1)where M = M� and � = � � are two Hermitian 2 � 2 matri
es, into whi
hany 2 � 2 matrix H 
an be de
omposed. The eigenstates of this equationare the short-lived meson KS and the long-lived meson KLKS = 1p2(1 + j"Sj2) (K1 + "SK2) ;KL = 1p2(1 + j"Lj2) (K2 + "LK1) ;where K1 and K2 are the CP-even and CP-odd eigenstatesK1 = 1p2 �K0 + �K0� ;K2 = 1p2 �K0 � �K0� :In the last equations it is assumed that the 
hoi
e CP jK0i = j �K0i wasmade. If CP were 
onserved in the de
ay, KS and KL would be eigenstatesof CP, implying "S = "L = 0 :Conversely, if " is not zero, then there is CP violation. This CP violationby state mixing is 
alled indire
t CP violation.In general, the solution of the eigenvalue problem asso
iated with Eq. (1)relates "S and "L to the elements of the matri
es M and �" = "S + "L2 = �12 � � �12 + i(M12 �M�12)
S � 
L � 2i(mL �mS) ; (2)Æ = "S � "L2 = �11 � �22 + i(M11 �M22)
S � 
L � 2i(mL �mS) : (3)If CPT is 
onserved in the de
ay, masses and lifetimes of parti
les and an-tiparti
les are the same, i.e. Æ = 0. We will for the moment assume thatthis is the 
ase; experimental eviden
e will be dis
ussed below. Sin
e therelative phases of K0 and �K0 
an be arbitrarily 
hosen, it is 
onvenient tomake a 
hoi
e. In the Wu�Yang phase 
onvention [7℄ the de
ay amplitudeA0 is de�ned to be real and positive.



4382 M. Holderh2�j0jHjK0i = A0 exp(iÆ0) ;where Æ0 is the �� s
attering phase shift in the I = 0 state at the mass ofthe kaon. Sin
e A0 is by far the dominant de
ay amplitude, this 
onventionhas the 
onsequen
e that " is small; it also implies that �12 is pra
ti
ally real�12 = �f hK0jHjfi hf jHj �K0iand the phase of " is, a

ording to (2), equal to�" = tan�1�2(mL �mS)
S � = (43:5 � 0:1)Æ :This is also 
alled the �superweak� phase.The time evolution of an initial K0 state 
an now easily be obtained.The KS and KL states 
hange with time asKS(t) = KS(0) exp ��imSt� 
S2 t� ;KL(t) = KL(0) exp��imLt� 
L2 t� :Negle
ting for simpli
ity the CP violating terms proportional to " we haveK0(0) / KS(0) +KL(0)and K0(t) / �K0 + �K0� exp��imS t� 
S2 t�+ �K0 � �K0� exp��imLt� 
L2 t� :The observation of K0 ! ��e+�e�lters out the K0 
omponentN+(t) = ��h��e+�ejK0(t)i��2 ;/ exp(�
St)+2 exp(��
 t) 
os(mL �mS)t+ exp(�
Lt) :The se
ond term (the interferen
e term) 
hanges sign, if the �K0 
omponentis �ltered out, or if the initial state is �K0.



CP and CPT Violation in K0 De
ays 4383In
lusion of the CP violating terms in the KS and KL states 
hangeslittle in this interferen
e pattern, with an important ex
eption; sin
eK0L / K2 + "K1 / K0(1 + ")� �K0(1� ")the K0 and �K0 
omponents in the long-lived kaon are no longer equal and,therefore, an asymmetry in the semileptoni
 de
ay rates persists. For t!1we have N+(t)�N�(t)N+(t) +N�(t) = 2Re " ;irrespe
tive of whether the initial state was K0 or �K0.The �rst pre
ision measurement of Re " with a magneti
 spe
trometer,pioneering the use of multiwire proportional 
hambers, whi
h 
an run atmu
h higher rate than spark 
hambers, was made by a CERN�Heidelberggroup [8℄, led by Steinberger. The setup of this experiment is shown inFig. 2. Gas Cerenkov 
ounters were used for the identi�
ation of ele
trons.The 
harge asymmetry as a fun
tion of proper time is also shown in Fig. 2.After the interferen
e has damped out, an asymmetry, i.e. a predominan
eof positive over negative ele
trons, persists. This observation demonstratesin a striking way the e�e
t of CP violation: it shows up as an asymmetry
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4384 M. Holderbetween parti
les and antiparti
les (the symmetry required by CPT invari-an
e remains valid; to demonstrate it, a 
omparison of K0(t) and �K0(�t)would be ne
essary).2.2. CP violation in K0 ! 2� de
aysThe state of two pions (�+�� or �0�0) is an eigenstate of the CP operatorwith CP = +1. In the absen
e of CP violation the K0L has CP = �1.It 
an, therefore, not de
ay into two pions. The dis
overy of CP violation [1℄
onsisted in the demonstration thatKL does de
ay into two pions. The setupof this famous experiment is shown in Fig. 3. It 
onsists of a double arm

Fig. 3. Setup of the experiment in whi
h CP violation was dis
overed.magneti
 spe
trometer with opti
al spark 
hambers. TheK0L ! �+�� de
ayis demonstrated by a signal of about 50 events with the kaon invariant massand no momentum transverse to the beam (Fig. 4). In general, the de
ayof the K0 to two pions is des
ribed by two weak amplitudes, A0 and A2.Sin
e there are strong �nal state intera
tions, it is ne
essary to separatethe weak de
ay amplitudes from the subsequent strong intera
tion. TheWatson theorem states that this 
an be done, using the S matrix for thestrong s
attering of two pions in an s state, whi
h is eiÆ , where Æ is thephase shift. Sin
e the strong intera
tion 
onserves I spin, the weak de
ayamplitudes AI are given as transitions to two pions in a de�nite I spin state.h2�jI jHjK0i = AI exp(iÆI) ;h2�jI jHj �K0i = �AI exp(iÆI) ; I = 0; 2 :With CPT symmetry the amplitudes �AI for �K0 de
ays are related to thoseof K0 de
ays by �AI = A�I :



CP and CPT Violation in K0 De
ays 4385

Fig. 4. Invariant �� mass and 
os � for events around theK-mass in the experimentof Christenson et al., [1℄.Assuming no CPT violation, there are then two 
omplex amplitudesto be measured, A0 and A2. One phase is arbitrary; in the Wu�Yang 
on-vention, A0 is de�ned as real and positive. If there is a phase di�eren
ebetween A0 and A2, then there is T violation in the transition (T 
on-servation, i.e. invarian
e under t ! �t requires all 
oupling 
onstants tobe relatively real). Assuming CPT symmetry, T violation implies CP viola-tion. This CP violation in the transition is also 
alled dire
t CP violation.It is linked to a non-zero value of "0 with"0 = ip2 Im�A2A0� exp i(Æ2 � Æ0) ;�"0 = �2 + Æ2 � Æ0 � (45 � 15)Æ : (4)Due to the interferen
e between KS ! 2� and KL ! 2� de
ays one 
anmeasure two 
omplex amplitudes�+� = h�+��jHjKLih�+��jHjKSi ;�00 = h�0�0jHjKLih�0�0jHjKSi ;In the Wu�Yang phase 
onvention they are related to " (Eq. (2)) and "0(Eq. (4)) in good approximation by�+� = "+ "0 ;�00 = "� 2"0 :



4386 M. HolderOne 
an also take the attitude to de�ne " by these equations. It is then theamplitude ratio of transitions to the I = 0 state of two pions. Obviouslyits phase is then not a matter of 
hoi
e. As we will see in Se
. 5.1, thephase of this amplitude ratio is de�ned by unitarity. In the absen
e of CPTviolations it is equal to the �superweak� phase. Without "0, for example inthe superweak model [2℄, the relative rates of �+�� and �0�0 de
ays arethe same for KL and KS; the KL de
ays to two pions only be
ause of thepresen
e of the K1 
omponent (essentially KS ) in its wave fun
tion. Thebest way to measure "0 is, therefore, to measure the double ratioR = � (KL ! �0�0)� (KS ! �0�0)� (KL ! �+��)� (KS ! �+��) = 1� 6Re�"0" � :This is in fa
t what experiments have been doing. The main di�
ulty is themeasurement of KL ! 2�0 be
ause photons are not easy to measure, andthe ba
kground from the 200 times more abundant KL ! 3�0 de
ay is over-whelming. Unfortunately also, the e�e
t is a small di�eren
e between largenumbers. For a pre
ision of 10�3 in R one needs millions of events in all fourde
ay 
hannels. Nobody has 
ome up with an equivalent of a Wheatstonebridge where the instrument shows zero if there is exa
t balan
e.3. Theoreti
al expe
tationsThe basi
 assumption [3℄, to be tested experimentally, is, that CP vi-olation is due to a 
omplex 
oupling 
onstant in the quark mixing matrixV (also 
alled the CKM matrix). The idea is, in a few words, that the W
oupling is not diagonal in the 3 � 3 dimensional spa
e of +2/3 
hargedquarks and �1=3 
harged quarks, but 
ontains o�-diagonal elements. Thebasi
 observation is, that with three quark �avours the (supposedly) unitarymixing matrix 
ontains 4 parameters � the relative quark phases are un-measurable � one of whi
h is a phase. The unitarity 
ondition between the�rst and the third 
olumn of the mixing matrixV = 0� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1A ;VudV �ub + V
dV �
b + VtdV �tb = 0 ;
an be viewed as a triangle in the 
omplex plane. In the Wolfensteinparametrisation of the mixing matrix



CP and CPT Violation in K0 De
ays 4387V = 0B� 1� �22 � A�3�e�i ��� 1� �22 A�2A�3(1� �ei�) �A�2 1 1CA ;with � � sin �
 = 0:220 � 0:002 ;the unitary 
ondition reads asV �ub � �V
b + Vtd = 0 :With �V
b as base, the tip of the triangle has the 
oordinates A�3�ei�. CPviolating amplitudes are proportional to the area of the triangle (it 
an beshown that all six possible unitary triangles have the same area).It is straightforward to relate K0 � �K0 mixing to the elements of theCKM matrix by 
al
ulating the �box� diagram of Fig. 1. Denoting�i = VisV �id ; i = 
; txi = m2im2W ;the 
al
ulation with free quarks of masses mq givesImM12 = G2F12�2F 2KBKmKM2W� �Im ��2
� �1S0(x
)+Im ��2t � �2S0(xt)+2Im (�
�t) �3S0(xt; x
)� ;where the three terms 
orrespond to intermediate states with 

, tt and
t (the 
ouplings Vud and Vus are real in the standard parametrisation).The �bag� 
onstant BK is de�ned by
K0j(sd)V �A(sd)V�AjK0� = 43BKF 2KmK :In the �va
uum insertion approximation�, where the matrix element on theleft side is repla
ed by
K0j(sd)V �Aj� 
j(sd)V �AjK0�one has BK=1. S0 are elementary fun
tions of quark masses with the valuesS0(x
) = 3� 10�4 ;S0(xt) = 2:7 ;S0(xt; x
) = 2:7 � 10�3 :



4388 M. HolderQCD 
orre
tions have been 
al
ulated to be [4℄�1 = 1:38 � 0:20 ;�2 = 0:57 � 0:01 ;�3 = 0:47 � 0:04 :The most di�
ult part is the 
al
ulation of the 
onstant BK . The 
urrentmodel estimates of BK are summarised in [4℄ asBK = 0:75 � 0:15 :The relation between ", � and � is then a hyperbola in the 
omplex plane,shown in Fig. 5 together with the 
urrent best values of jVubj=(4:08� 0:63)� 10�3 [9℄ and jVtd=Vtsj < 0:22 [10℄ and a preliminary measurement ofsin 2� = 0:75 � 0:10 [11℄. A dis
ussion of these results is beyond the s
opeof this le
ture. What is important to stress, however, is that the error baron " 
omes from theory, not from experiment.
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Fig. 5. (a) Unitarity triangle. (b) Penguin graph.The 
al
ulation of "0 is more di�
ult. The �penguin� diagrams of Fig. 5
ontribute an imaginary amplitude to the �I = 1=2 transition of K0 ! ��.The result for "0=" depends strongly on the mass of the top quark, whi
hwas not known around 1980, when a new series of experiments was planned.The predi
tions for "0=" from these times [12℄ went up to 1 %. As the lowerlimit of the top mass in
reased, it be
ame 
lear that ele
troweak penguindiagrams, with ex
hange of 
 and Z instead of gluon ex
hange, had to be
onsidered. It is di�
ult, and 
ertainly beyond the 
ompeten
e of the author,to summarise the various theoreti
al approa
hes. It is perhaps best to showthe predi
tions of one group (Fig. 6) whi
h were made before the re
entexperimental results be
ame available, and to indi
ate in an approximateformule the dependen
e of the result on various parameters of the theory.A

ording to the Muni
h group one has"0" = 13 � 10�4 � Im�t1:34�10�4��110MeVms �2 hB6 � 0:4B8 � mt165GeV �2:5i �QCD340MeV :



CP and CPT Violation in K0 De
ays 4389The parameters and their un
ertainties are approximately:ms = (110 � 20)MeV ;B6 = 1:0� 0:3 ;B8 = 0:8� 0:2 ;� �MS = (340 � 50)MeV ;Im�t = (1:34 � 0:22) � 10�4 :The errors are large and not symmetri
 around the 
entral value. There-fore, the Muni
h Group has de
ided to give something like a probabilitydistribution for "0=", shown in Fig. 6, with an average of"0" � �7:7+6:0�3:5�� 10�4 :
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Fig. 6. Predi
tions for "0=" from the Muni
h group [13℄ for two regularisations
hemes. 4. Measurements of "0="Right after the dis
overy of CP violation in the KL ! �+�� de
ay,experiments were started to look for the KL ! �0�0 de
ay. The initialdete
tors for 
 rays were spark 
hambers with enough material to 
onvertphotons but thin enough to provide information on the photon dire
tionand energy. The energy resolution from spark 
ounting is, however, verylimited and turned out to be not adequate for a 
lean dis
rimination betweenK0 ! 2�0 and K0 ! 3�0 de
ays.Another instrumentation was 
learly required. In Fig. 7 the te
hniquesfor 
 energy measurements as of 1965 are 
ompared [14℄. It is apparentthat, apart from pair spe
trometers, total absorption lead glass 
ounterspromised to be powerful instruments. The two most pre
ise experiments on



4390 M. Holderthe ratio � (KL ! �0�0)=� (KL ! �+��) in the early 70's make use of thesete
hniques. Both of them sa
ri�
e dete
tion e�
ien
y in favour of a 
leansignal.

Fig. 7. Top: State of the art of 
 dete
tion in 1965. Bottom: Lead glass 
ounter ofthe Aa
hen�CERN�Torino Collaboration.The experiment of a Prin
eton group led by Cronin [15℄ is based on theidea that a pre
ise measurement of the energy and dire
tion of a single 
ray and only a 
onversion point measurement of the other 
 rays is su�
ientto obtain a signal, be
ause the transverse momentum of the well measured
 ray 
an be restri
ted to pT > 170MeV/
, beyond the range of 
's fromK0 ! 3�0 de
ays. The apparatus and the signal in the 4
 invariant massare shown in Fig. 8.In the experiment of the Aa
hen�CERN�Torino group, led by Rub-bia [16℄, the photon energies are all measured in hexagonal lead glass 
oun-ters with 16 
m inner diameter; the ne
essary spatial resolution is obtained
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Fig. 8. Setup and KL ! 2�0 signal in the Prin
eton experiment.from earlier 
onversion of photons and from measurement of the dire
tionof at least two of them in wire spark 
hambers. The setup and the resultingsignal are shown in Fig. 9.

Fig. 9. Setup and KL ! 2�0 signal in the Aa
hen�CERN�Torino experiment.



4392 M. HolderIn both of these experiments the KL de
ays are 
ompared to KS de
ayswith KS produ
ed in a regenerator. The same regenerators are used inseparate experiments on K0 ! �+�� de
ays, so that e�e
tively j�00=�+�j2is measured. The results of these experimentsj�00=�+�j = 1:03� 0:07 Ref: [15℄j�00=�+�j = 1:00� 0:06 Ref: [16℄are 
ompatible with only indire
t CP violation.When loop diagrams in K ! 2� de
ays were studied in the late 70'sin an attempt to understand why �I = 1=2 transitions are favoured, itwas also observed that loop diagrams lead to dire
t CP violations, largeenough to be measurable eventually. These observations triggered a newround of experiments at the sites of the high energy proton a

elerators,Fermilab and CERN. An advantage of high energies is that in total absorp-tion 
alorimeters, used for 
 dete
tion, the resolution improves with energy.The experiments, E731 at Fermilab and NA31 at CERN, pro�t from thisfa
t. They di�er, however, in many respe
ts.The E731 Collaboration uses a double beam, with a regenerator in oneof the beams move-able from one beam to the other burst by burst. A mag-neti
 spe
trometer is used for 
harged parti
le measurement and a lead glass
ounter array for photons, with holes for the two beams (Fig. 10). Initiallyone of the photons was required to 
onvert in a thin (0.1 rad.l.) lead foilnear the end of the de
ay region in order to allow a re
onstru
tion of thede
ay point 
oordinates transverse to the beam. The longitudinal position ofa K ! 2�0 de
ay is not measured in these experiments. It is re
onstru
tedfrom kinemati
s, using the mass 
onstraint of the K ! 4
 or �0 ! 2
 de-
ay. The transverse position is useful in the Fermilab experiment be
ause,together with the 
entre of gravity of the photons in the lead glass, it de�nes
Chicago- Saday 804 blocks

20 X leadglass

58 58 mm

60 cm

0

´

´

Fig. 10. Layout and lead-glass 
ounter of the Fermilab E731 experiment.



CP and CPT Violation in K0 De
ays 4393the line of �ight of the kaon. As illustrated in Fig. 11, in the regeneratorbeam there is always a 
ertain amount of di�ra
tively regenerated KS whi
hhave to be subtra
ted from the forward regenerated kaons. Another method,used later, is to measure the amount of di�ra
tion in 
harged (K ! �+��)de
ays and, based on this, to 
al
ulate the di�ra
tive ba
kground in theneutral de
ays, using the known resolution of the 
 dete
tor. The dete
tione�
ien
y for neutral de
ays is then mu
h higher. In the 
entre of gravitydistribution (Fig. 11) there is a halo from this di�ra
tion around the regen-erator beam whi
h extends into the va
uum beam. The amount of halo iswell predi
ted by the Monte Carlo simulation based on di�ra
tion in 
hargedde
ays. The experiment was initially run separately for 
harged and neutralmodes, but later also in a 
ommon mode, measuring all four de
ay modes,whi
h enter in double ratio, at the same time.
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4394 M. HolderThe CERN experiment NA31 does not use a regenerator. Instead theproton beam is transported to a KS target and 
ollimator station next tothe de
ay region (see Fig. 12). The experiment 
an run either with a KSbeam or with a KL beam but not with both at the same time. The KStarget is movable on a train with 40 stations over a distan
e of 50m. Inthis way a 50m long de
ay volume 
an be used in KL de
ays, where thedete
tion e�
ien
y is 
alibrated with KS de
ays.The beam is transportedin a va
uum beam-pipe throughout the dete
tor to avoid neutron and pho-ton intera
tions. There is no magneti
 spe
trometer for the 
harged de
ays;

Fig. 12. Layout of the NA31 experiment.without magnet the a

eptan
e for the K ! 2�0 de
ay 
an be very large.Two proportional wire 
hambers, with drift time measurements added, areused to measure the straight traje
tories of 
harged pions. The pion energyis measured in a iron-s
intillator sandwi
h-like hadron 
alorimeter. Only theenergy ratio from this 
alorimeter is ne
essary; the kaon energy is obtainedfrom the opening angle with the kaon mass as a 
onstraint. Three-bodyde
ays are subtra
ted with the distan
e of the target from the de
ay planeas a measure of the transverse momentum imbalan
e. The ele
tromagneti

alorimeter 
onsists of a liquid-argon-lead-plate sandwi
h (Fig. 13). Thiste
hnique was introdu
ed in the '70 's by Willis in an ISR-experiment [17℄.Several reasons are in favour of it. At the 
ost of some 
ompli
ation with
ryogeni
s it o�ers the advantage that 
 energy measurement is based on
harge 
olle
tion without any ampli�
ation pro
ess. A liquid-argon dete
toris easy to 
alibrate ele
troni
ally, be
ause the liquid is the same for all 
han-nels. There is no problem with radiation damage, in 
ontrast for example tolead-glass. The argon su�ers from oxygen 
ontamination; therefore, a mildpuri�
ation is ne
essary. Argon is not so expensive that an o

asional re�llis out of question.
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Fig. 13. Liquid Argon dete
tor of the NA31 experiment.In the meantime many liquid-argon dete
tors are in operation; there issu�
ient experien
e with the te
hnology.The �rst result was given by the NA31 Collaboration [18℄, "0="=(33�11)�10�4, later improved by additional running to [19℄ "0="=(23� 6:5)�10�4.The E731 experiment [20℄ found no signi�
ant deviation from zero: "0=" =(7:4 � 5:9) � 10�4. Preliminary versions of the �nal results were �rst pre-sented at the 1991 LP-HEP 
onferen
e in Geneva. A 
omparison (Fig. 14)suggested that the two experiments were not really in
ompatible, and thatthe superweak model was ruled out by about three standard deviations.
e e’/ – measurements

Re( ’/ ) / 10e e -3

NA 31                2.3 0.7±

731 0.6 ± 0.7E

·

·

·

·

·

·

Average            1.45 0.5±

Difference         1.7 1.0±

Average preliminary*

PL B 206, 169 (’88)

this conference }}*
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PRL 64, 1491 (’90)
this conference
E 731 combined{* } E 731

-2    -1      0     1     2     3     4 10´ -3

Re ( ’/ )e e ®

NA 31

Fig. 14. Comparison of E731 and NA31 results at the LP-HEP 
onferen
e 1991.



4396 M. HolderA three standard deviation e�e
t in a key experiment with some skepti-
ism of the opponents about the evaluation of systemati
 errors is, however,not satisfa
tory for the experimentalist if he 
an see a way to do better.It was 
lear that this would not be an easy task be
ause both statisti
al andsystemati
 errors had to be redu
ed. In both groups, however, a hard 
oreof physi
ists de
ided to make a new attempt.The NA48 Collaboration at CERN found a way to runKL andKS beamsat the same time, redu
ing the di�eren
e in a

idental ba
kground to a neg-ligible level. The KS target is lo
ated only 6.8 
m from the 
entre of the KLbeam, and the two beams 
onverge to the 
entre of the 
alorimeter 100mdownstream of the KS target (see Fig. 15). The illumination of the dete
torby the de
ay produ
ts is, therefore, almost the same for the two beams,with the ex
eption of a noti
eable di�eren
e at the �rst wire 
hamber, 20min front of the 
alorimeter. The 
hambers are pla
ed midway between thebeams to redu
e this e�e
t. Sin
e in neutral de
ays the transverse position ofthe de
ay point 
annot be measured, another method is ne
essary to distin-guish KL and KS de
ays. It 
onsists in a time 
oin
iden
e of the event timeand the time of a proton in the primary proton beam to the KS target. Theproton time is measured with s
intillation 
ounters. To redu
e the inten-sity in ea
h 
ounter to an a

eptable level, the beam area is shared among12 horizontal and 12 verti
al 
ounters. They sit like blades in the beam,displa
ed longitudinally on a pre
ision ladder. They are said to �tag� KSevents. Time is measured with 1GHz �ash ADCs, with a pre
ision of 200 ps.

Fig. 15. Setup in the experiment NA48.
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ays 4397This is also the time resolution provided by s
intillator hodos
opes behindthe magneti
 spe
trometer. The intensity of the proton beam to the KStarget is only 10�5 of that to the KL target. Su
h a small fra
tion 
an bepi
ked up from the primary proton beam in the dump behind the KL tar-get and deviated ba
k to the KL beam line, �rst by 
hannelling in a bentSi 
rystal, and then by bending magnets. Between these elements sit thetagging 
ounters.The ele
tromagneti
 
alorimeter in NA48 is no more a sampling 
alorime-ter as in NA31, but a pure liquid-krypton 
alorimeter, with improved energyresolution (see Fig. 16). Sin
e a spatial resolution of less than 1mm is re-quired, the 
alorimeter is divided in 2 � 2 
m wide and 125 
m long 
ells.This tower stru
ture, pointing to the de
ay region, is realized by individ-ual Cu�Be strips, guided by four intermediate vetronite frames. The stripsrun through windows in these frames and are stret
hed between front andba
k in a 4:8Æ zig-zag path. The 
entral anode strip between the 
athodeborders of a 
ell is read out in the ba
k of the 
alorimeter. The 
alorimeteris 
alibrated ele
troni
ally, or with ele
trons from Ke3 de
ays, or with �0sfrom the KS target, or, in spe
ial runs, with �0 s from a polyethylene target

Fig. 16. Liquid Krypton 
alorimeter of NA48 and its energy resolution.



4398 M. Holderpla
ed in the de
ay volume and stru
k by a 
harged pion beam. In these�0 
alibrations the known distan
e to the 
alorimeter, in KS runs it is thedistan
e from an anti-
ounter at the begin of the de
ay volume, �xes theopening angle of the 
s from a �0 de
ay. The energy s
ale is then linked tothe �0 mass, with a pre
ision of 2�10�4. With an a

ura
y of 10�4 also thetransverse length s
ale in the wire 
hambers is known. Energy measurementis redu
ed in this way to distan
e measurement. In the wire 
hambers of thespe
trometer su�
ient redundan
y against ine�
ien
y or malfun
tioning isprovided by eight wire planes per 
hamber, with four di�erent wire orien-tations. The NA48 setup is 
ompleted by the hadron 
alorimeter of NA31,used in 
onjun
tion with the liquid-krypton 
alorimeter for a total energytrigger, and by three planes of muon 
ounters separated by iron walls.The di�erent de
ay-time distributions of KS and KL events are equalisedin the analysis by weighting the KL events, with a 
ut at 3.5 KS lifetimes(Fig. 17). This te
hnique, �rst applied by Cronin [21℄, avoids a Monte Carlo

Fig. 17. Weighting KL ! 2�0 events and ba
kground subtra
tion KL ! �+��events in the NA48 experiment.e�
ien
y determination at the pri
e of an about 20% loss in statisti
al a
-
ura
y. Very detailed studies of systemati
 e�e
ts (see Fig. 18) showed that,apart from small ba
kground subtra
tions, there are only small 
orre
tionsto the raw double ratio, mainly due to geometri
al a

eptan
e di�eren
es.In the KTeV experiment at Fermilab similar 
alibration te
hniques areused. As in E731 there are two beams, one with a movable regenerator,now totally a
tive, i.e. 
onsisting of s
intillator, in order to veto inelasti
intera
tions. Instead of the lead-glass 
ounters pure CsI 
rystals are used,with 2.5 
m width near the beams and 5 
m width further out (see Fig. 19).
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Fig. 18. Systemati
 errors in the experiment NA48.The KTeV experiment was �rst to announ
e a new result [22℄, "0=" =(28:0�3:0�2:8)�10�4, based on 20 % of their statisti
s, not very 
ompatiblewith the result of E731. NA48 
ame later, with "0=" = (18:5 � 7:3) � 10�4from a short run in 1997 [23℄, and "0=" = (15:0�2:7)�10�4 from runs in 1998and 1999 [24℄, with the 
ombined result "0=" = (15:3� 2:6)� 10�4. Be
ausea

idental e�e
ts in a high intensity beam are potentially most dangerous,the NA48 Collaboration had de
ided, long before any result was known, thata run at a di�erent intensity would be desirable. This run, with about 30%redu
ed intensity and a 5 se
 instead of a 3 se
 spill, took pla
e in 2001. The
hambers had been rewired be
ause of an a

ident in the fall of '99. Theresult, "0=" = (13:7�3:1)�10�4 is fully 
ompatible with the previous value.The �nal number from NA48 is thenRe("0=") = (14:7 � 2:2) � 10�4:The KTeV Collaboration gave a new preliminary result at the KAON2001 Conferen
e in Pisa [25℄, based on more statisti
s and an improvedanalysis, "0=" = (20:7 � 1:5 � 2:3) � 10�4.A reanalysis of the published data gave "0="= (23:2�3:0�3:2)�10�4 .This has raised the question if their systemati
 error is not in fa
t underesti-mated. A �world average� would, therefore, have to be made with some 
are.
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Fig. 19. CsI 
ounter and KL ! 2� signals in the KTeV experiment.Needless to say, however, that both experiments agree, that the superweakmodel is ruled out. 5. CPT violation5.1. De�nition of measurable quantitiesAs for CP violation, there are two possibilities: CPT violation in themixing of K0 and �K0 states and CPT violation in the de
ay amplitudes. Instate mixing, CPT violation is 
hara
terised by a di�eren
e between "S and"L, i.e. a nonzero value of the (
omplex) parameter (see Eq. (3))Æ = "S � "L2 = �11 � �22 + i(M11 �M22)
S � 
L � 2i(mL �mS) :The real matrix elements �ii and Mii are the de
ay rates and masses of K0and �K0. If there is just a lifetime di�eren
e between K0 and �K0, then Æ isoriented along the �superweak� dire
tion, if there is only a mass di�eren
e,Æ points orthogonal to this dire
tion.In the de
ay to two pions there are two possible CPT violating ampli-tudes. For 
onvenien
e we de�ne them with suitable fa
tors to make the
onne
tion to observable quantities more transparent. We de�ne
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ays 4401�0 = A0 � �A0A0 + �A0 ;�2 = 1p2 A�2 � �A2(A0 + �A0) exp i(Æ2 � Æ0) ;and 
hoose a phase 
onvention [26℄, in whi
h A0 and �A0 have the samephase, su
h that �0 is real. Sin
e CPT violation is small, this representsonly a small rotation of the K0 and �K0 state ve
tors from the Wu�Yang
onvention; A0 is still approximately real. In the absen
e of CPT violation�0 and �2 both vanish. The observable amplitudes �+� and �00 are then�+� = "+ "0 � Æ + �0 + �2 ;�00 = "� 2"0 � Æ + �0 � 2�2 ;�00 � �+� = 3("0 + �2) ;23�+� + 13�00 = "� Æ + �0 ;"0 = "� ~Æ ;~Æ = Æ � �0 ;For later use we have de�ned here two additional quantities, the bary
en-tre of �+� and �00, "0 = 23�+� + 13�00, and ~Æ. As evident from these equa-tions, only the 
ombinations "0 + �2 and ~Æ = Æ � �0, not "0 or Æ itself, 
anbe determined.Let us see what further information 
an be obtained from unitarity. Uni-tarity in this 
ontext means, that for a de
aying parti
le the rate at whi
hit disappears equals the rate at whi
h the de
ay produ
ts appear. The tran-sition between two quantum states is des
ribed by a transition amplitude.If a state is a superposition of several other states, the amplitudes add.Applying these prin
iples to a superposition of KS and KL states with ar-bitrary 
oe�
ients � and �, we have� ddt ����KS + �KL���2 = �f j�hf jHjKSi+ �hf jHjKLij2 :Hen
e we obtain three equations 
L = �f jhf jHjKLij2 ;
S = �f jhf jHjKSij2 ;�
S2 + 
L2 +i (mL �mS)� 2 (Re "� i Im Æ)hKLjKSi = �f �f
f : (5)The �rst two equations state that the total de
ay rate is equal to the sumofthe partial de
ay rates. The third equation is less transparent. This equation



4402 M. Holderis 
alled the Bell�Steinberger relation [27℄. Separating out here the 2� stateswith I = 0, and denoting the CP violating amplitude in ea
h 
hannel f with�f we have�
S2 + i(mL �mS)� 2 (Re "� iIm Æ) = "0
S +�0f �f
for �1 + i 2(mL �mS)
S � (Re "� iIm Æ) = "0 + � ;where � is the sum over CP violating terms in other than the I = 0 two pionde
ays. This term is 
lose to zero; the largest un
ertainty is from �000. Fromthis relation one obtains ImÆ with good pre
ision, without any assumptionon the CPT violating amplitudes �0 and �2.Additional information is ne
essary to determine ReÆ.The extra
tion of CPT violating quantities from the measurements of�+�, �00, � and the 
harge asymmetry in semileptoni
 KL de
ays, Re "L, isperhaps best illustrated graphi
ally. In Fig. 20 the distan
es between the endpoints of �+�, �00 et
., are highly exaggerated for sake of 
larity. In realityall lines nearly 
oin
ide and end up in a single point within measurementerrors.
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Fig. 20. Left: CP and CPT violating amplitudes. Right: Wu�Yang triangle in 1988(s
hemati
).From the bary
entre "0 one obtains a new ve
tor "0+� by adding the 
on-tribution � of CP violations in other than 2� de
ays. In general this ve
torhas an argument whi
h is di�erent from the superweak phase. Its 
omponentorthogonal to the superweak line 
an be split into a real and an imaginarypart. The imaginary part is the desired quantity ImÆ. To 
onstru
t ", one
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ays 4403noti
es that Re" is identi
al to the real part of the proje
tion of "0+� to thesuperweak line. Then Im" = Im"0+ImÆ. ReÆ is obtained from the di�eren
ebetween Re" and the 
harge asymmetry Al in semileptoni
 de
ays of KL:Al = 2Re "L = 2Re (" � Æ). The 
omponents of Æ transverse and parallel tothe superweak dire
tion are mK0 �m �K0 and �K0 � � �K0 , respe
tively.5.2. Experiments on CPT violationThe unambiguous sign of CPT violation is a phase di�eren
e betweeneither �+� and �00 or between one of them and the superweak phase. Thesituation of the so-
alled Wu�Yang triangle (the relation between �+�, �00and "0) as of 1988 is shown in Fig. 20. It is 
lear that the experiments setup to measure j�00=�+�j were also to make an e�ort to improve the phasemeasurements. This was done both by the Fermilab and the CERN exper-iments. In both experiments the phase is extra
ted from the interferen
ebetween the KS and KL amplitudes in K0 (or �K0)! 2� de
ays. A mixtureof K0 and �K0 di�erent from that in KL is obtained behind a regenerator inthe Fermilab experiment and dire
tly from the proton target in the CERNexperiment. In order to eliminate the dependen
e on dete
tion e�
ien
ythe CERN experiment [28℄ run with two distan
es (Far and Near) betweentarget and de
ay region; from the ratio of events as a fun
tion of time one
an extra
t the phases without 
orre
tions for a

eptan
e (see Fig. 21).

Fig. 21. Near/Far ratio in NA31 and extra
ted interferen
e term.The Fermilab experiment [29℄ does not measure the weak phases �00and �+� dire
tly, but it measures their di�eren
e to the phase �� of theregeneration amplitude (see Fig. 22). Sin
e the initial state behind theregenerator is KL + �KS, one has



4404 M. HolderI2� / j�j2 exp(�
St) + 2j�jj�j exp ��
S2 t�� 
os (�mt+ �� � �) + j�j2 exp(�
Lt) :The expression for the regeneration amplitude,� = i�NLg f � �fk
ontains a geometri
 fa
tor g and a fa
tor related to the forward s
atteringamplitudes f for K0 and �f for �K0.
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Fig. 22. Phase measurements in the Fermilab experiment E773.Under the assumption of a single traje
tory ex
hange one obtains fromRegge theory arg�f � �fk � = �(2� a)�2 ;where a is the exponent of the momentum dependen
e of the regenerationamplitude f � �fk / p�ak :With the measured values a = 0:572 � 0:007 and jg � 1j < 0:2 the regener-ation phase is �� � �400, shifting the interferen
e pattern to earlier times,a favourable situation as far as 
ounting rates are 
on
erned. The systemati
error on �� has been the subje
t of some 
ontroversy [30℄; the measurement
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ays 4405of the phase di�eren
e �00 � �+� is, of 
ourse, una�e
ted by the regenera-tion phase. In both experiments the phase is 
orrelated with �m, as evidentfrom Eq. (6), albeit to a di�erent degree in the CERN and Fermilab exper-iments, be
ause the time of highest sensitivity is di�erent. This 
orrelationis illustrated in Fig. 23.
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Fig. 23. Correlation between �m and �+�.The numeri
al results are summarised in Table I. Within errors there is,therefore, no CPT violation. The smallest error is that from E773�00 � �+� = (�0:3� 0:9)Æ :One may wonder, then, if it is possible to measure �m independently. This
an be done in semileptoni
 de
ays and also in 2� de
ays, by the �gap�method, �rst proposed by Fit
h [31℄. The 2� intensities behind a regeneratorTABLE IPhase measurements.NA31 E773�+� (46:8� 1:4� 0:7)Æ (43:5� 0:58� 0:49)Æ�00 (47:1� 2:1� 1:0)Æ�00 � �+� (0:2� 2:6� 1:2)Æ (�0:3� 0:9)Æ
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ompared for two lo
ations of a se
ond regenerator pla
ed upstream ata distan
e d. The KS amplitude regenerated in the upstream part adds tothe amplitude of the downstream part, but with a phase di�eren
e, sin
eKS and KL os
illate with di�erent frequen
ies. In the gap between theregenerators they develop a phase di�eren
e �mt = �md=�, if � = v=
is their velo
ity. Comparing measurements with di�erent d (for example�mt = 0 and �mt = �=2) the mass di�eren
e �m is obtained. The bestmeasurement is from the CERN�Heidelberg experiment [32℄, in very goodagreement with their result from semileptoni
 de
ays [33℄. This measurementis also shown in Fig. 23.A more pre
ise measurement of �m and �+� is possible if the initialstrangeness of the kaon is known. This is the 
ase in the CP�LEAR exper-iment. Here the sour
e of kaons is antiproton�proton annihilations at rest.In a small fra
tion (0.2 %) of 
ases the annihilation rea
tion is�pp! �+K�K0 ; or �pp! ��K+ �K0 :The initial strangeness of the kaon is tagged by the 
harged kaon. In this
ase the mass di�eren
e �m 
an be extra
ted from the 
harge asymmetryin semileptoni
 K0 or �K0 de
ays. The di�eren
e in the 2� de
ay rates ofK0 and �K0 as a fun
tion of time gives a very pre
ise determination of �+�(the equivalent �dilution� fa
tor is 2 instead of � 0:35 in high energy neutralbeams).The CP�LEAR experiment [34℄ uses 
ylindri
al drift 
hambers in a sole-noid for 
harged parti
le dete
tion, a liquid Cerenkov 
ounter for ��K dis-
rimination and a lead-streamer-tube sandwi
h 
alorimeter for 
 dete
tion(see Fig. 24). The �m [35℄ and �+� [36℄ measurements are shown in Fig. 25;

Fig. 24. Side and end view of the CP�LEAR experiment.
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Fig. 25. �000 and �+� measurements from CP�LEAR.they are also given for 
omparison in Fig. 23. The main result is that �+�agrees with the superweak phase �SW within an error of 0.7Æ. Within thiserror there is no CPT violation.To 
onvert the measured phases into limits on mass and lifetime di�er-en
es between K0 and �K0 we go ba
k to Fig. 20. Without any assump-tion on CPT violation in the 2� de
ay amplitudes one 
an use unitarity(the Bell�Steinberger relation) to restri
t ImÆ. It is then ne
essary to knowCP violation amplitudes in 
ommon de
ay 
hannels of K0 and �K0 otherthan 2�. The largest un
ertainty 
omes from �000, for whi
h the CP�LEARCollaboration has given [37℄Im(�000) = 0:15 � 0:20 ; Re(�000) = 0:18� 0:16 ;on the basis of the di�eren
e in K ! 3�0 rates between initial K0 and �K0states. This represents hardly an improvement over the old bubble 
hamberresult of Barmin et al. [38℄ as seen in Fig. 25.The reason is a large amount of ba
kground, due to poor resolution anddete
tion e�
ien
y in the CP�LEAR 
 dete
tor [39℄ (see Fig. 26). In theoriginal proposal [40℄ a mu
h better performan
e was anti
ipated on thebasis of a CsI 
alorimeter. This was later [41℄ given up in favour of a lead-streamer-tube sandwi
h for reasons of 
ost e�e
tiveness. We 
an see again,
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Fig. 26. CP�LEAR: 3�0 signal and ba
kground; 
 dete
tion e�
ien
y in data andproposal.perhaps not for the last time, that measuring CP violation in neutral de
aysof the K0 is di�
ult.The results on CPT violation are summarised in Table II.�"0 � �SW = (�0:2 � 0:6)Æ ;"0? = j�+�j (�"0 � �SW) = (�0:8� 2:4) � 10�5 ;Re "0 = j�+�j 
os(�") = (1:66 � 0:02) � 10�3 ;�? = (�1:7 � 4:8)� 10�5;Im Æ = 0:7("0 + �)? = (�1:7 � 3:7)� 10�5 :The smallest upper limit is on ImÆjMK0 �M �K0 + 0:5(�K0 � � �K0)j < 6� 10�19GeV:The error 
ould be improved (by not more than a fa
tor of 2), if the upperlimit on �000 were redu
ed. The NA48 Collaboration is aiming at that, inruns with a higher intensity KS beam.
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ays 4409TABLE IICPT violation in numbers. Main experiment�00 � �+� (�0:3� 0:9)Æ E773�+� (43:4� 0:5)Æ CPLEAR�m (0:5295� 0:0020)� 1010~s�1 CPLEAR�SW (43:5� 0:1)Æ (PDG)Im(�000) 0:15� 0:20 CPLEARRe(�000) 0:18� 0:16 CPLEARAlept (3:32� 0:075)� 10�3 KTeVj�+�j (2:276� 0:017)� 10�3 (PDG)For a measurement of ReÆ additional information is ne
essary. The mostobvious pro
edure is to 
ompare 
harge asymmetries in semileptoni
 de
aysfor di�erent mixtures of K0 and �K0. This was done by CP�LEAR [42℄; bya suitable 
hoi
e of variables they 
ould avoid to be sensitive to a possibleCPT violation in semileptoni
 de
ays. Their result isRe Æ = (3:0 � 3:3� 0:6) � 10�4 :Statisti
ally more signi�
ant are 
harge asymmetries in KL de
ays from thehigh energy experiments. The most pre
ise number was given re
ently [43℄by the KTeV Collaboration, based on about 300 million events.Ae = (3:322 � 0:058(stat:) � 0:047(syst:)) � 10�3 :The 
ombined error is 0.075 �10�3, a fa
tor of 2.4 better than the bestprevious result.Let y 
hara
terise the CPT violation in semileptoni
 de
aysy = �A� �A�A� +A ;where A = he+���jK0i ; �A = he��+��j �K0i ;are the de
ay amplitudes. Negle
ting a possible CPT violation in �Q=��Stransitions, one has thenAlept = 2Re("� Æ � y) = 2Re("0 � �0 � y) :



4410 M. HolderThe best limit is then for the sum of CPT violating amplitudes�0 +Re y = (0� 4)� 10�5 :Assuming Re y = 0 one obtains fromRe Æ = �0 +Re ("� "0) ;Re Æ = (5� 8)� 10�5 ;a fa
tor of 4 more pre
ise than the result quoted before. The CP�LEARresult 
an be used to give limits on �0 and Re y individually,jRe yj < 8� 10�4 ;j�0j < 8� 10�4 :None of these limits on CPT violation amplitudes rea
hes down to the ob-served CP violating amplitudeRe "0 = 2:6� 10�6 :The most sensitive test on CPT invarian
e limits ImÆ, and thereby massand lifetime di�eren
es between K0 and �K0, as given above��MK0 �M �K0 + 0:5(�K0 � � �K0)�� < 6� 10�19GeV :6. Summary and 
on
lusionsThe possible origin of CP violation has been further 
onstraint by theun
ontroversial observation of �dire
t� CP violation in the K ! 2� de
ay.The data are not in 
on�i
t with the idea that CP violation is due to a non-trivial phase in the quark mixing matrix.The predi
tions are, however, not(or not yet?) as pre
ise as the data.There is no sign of CPT violation in K0 de
ay. Masses and lifetimes ofK0 and �K0 agree to within one part in 1018.The author wishes to thank Prof. A. Biaªas for his kind invitation andhospitality at this s
hool and Prof. M. Praszaªowi
z for the ex
ellent organ-isation. It was a great pleasure to 
ome ba
k after 25 years, to meet someof the old friends and to dis
uss physi
s and other topi
s. I want also toa
knowledge the very fruitful 
ollaboration over many years with the mem-bers of the NA31 and NA48 teams. Spe
ial thanks go to my 
ollaboratorDr. Mi
haª Zióªkowski for his help in the preparation of these le
tures.
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