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PREPFAGE

Thesw notes are part of & series of lectures delivered at Madras in Doecombear 19646 and
January 1967,

Chapter I, by G. Charpak, i3 an introduction to tha moat ipportant facte in this very
rich figld of' the neutral kson physiza, ‘Thess rotea de not pretend to be a somprohonsive
study of the msutral kaon phyaleca, They overlook scew of the vary elegant and impoertant
expericenty which started this ffisid, and only the ooat recapt ones arw waaslly considered.

Tha notes in Chapter T aré an introduction to the second part, treated by M, Gouwrdin,
nbers the theoretical significance off tha expariments and the rsults are discusssd in detadl
in Chaptera II to IV.

The euthora arv indebted to Profa. J.5, Bell and J, Prantld for wany clavifyisg discussions.

They alao winh to srprexs their special gratd tudes te Prof, A, Ramakrishnan for the warm
hoapitality he extended to them et the Metacienos Inatituts, and to the collaaguss of the
Institute for the stimulating atmosphere of the lectures and disgsussions. Ooe of the authors
{M,5.) 12 indebted o Dr, D, Schiff for har help in the oumerical computetions performed on
the UNTVAG 4407 of the Paoults des Sciences 4'Orsay,
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INTHODUCT ION

In 1957 there was establiabed the nov-imvardance of woak interacilont under parity
trapaformsiion. It was the cbemervation of the K- dacay inmko two chammels of cpposlia perity
(the ¢er puszle] which, in mid=1956, lad Tang and Dea to questlon the walidity of the parity
sonAprvation law, Byar ainae then, a great deal of atterntion hsay bean paid to cheokiog the
comaervation lows admitted in physlcs a3 simplifying logicel hypotheais.

It rapidly appeared that the week inmtermotions alao walats C-oonjugetion iorardiance.
It wan admitted am & law of mturs that For asch partiocls dsacribed by ths quantum mumbara '},
Q the charge, P the baryon oumber, Ls I.:l__= the lapton oumbers, ¥ the kypercharse, and I the
third component of isotopio spin, there exriats an antiparticle for which theze mmbera are
of oppoaita slgn with the sams mass and 1ifstims, anjoying the sams intaractions, For the
fermicna, in sddldlon, the parity ls also oppoalte, while £l other quartvm mmbers are the

It ia apusing ta note that in 1952, when Opponheimer suggested that the nogative
aowsgy phates of Dirao night be antielectrpos, Feull mt.a‘]: "This explanafdon sppeara o
be unsetisfastory becelse the laws of mture in this theory are azactly sysmetrio with reapect
%0 olectrens and antielectrons ... « Thus we do not baliewe this explanation ocan be
conaldarsd serioualy”.

The aame yaar, Andarson's dfiscovery of fthe poaltron pgave the firat exparimsatal
proof of this symestry law whish remadned unguestlonsd aptil 1957, sinoe 1t was baped on the
exiatemnme of the C-conjugate mirTor pairs: IE"'K-, uty ot E Py U R, 60

The violatlon of G by weak intersction is 1lluatrated, for instaoce, by the decay
of the plont tha C-ponjugate stete af w* +» u* + v ia v » g~ + F o 1t was cboerved that
the neutrinoe emlited in the firat reactioos are laft=bended. The Croonjugats reaction should
aorrespand to antineutrince that are alsc laft-handed. Experiment ahows that aush & atats
naver coours in mature. The helioity atstes of the nautrinos are kmown from the heliciy
of the oucens.,

As apon As F and G conaervation appeared to be vinlated, La_nd.uut], and Ipdepen-
dantly Lea and Tang’} s Put Pormard the hypothasis thet a1l the lawa of mature, including these
ZoTarming wesk loteractlons, ware invardant upder the combinsd operation FG. Thia mestorad
the right=laft aymmatry of the univeras, 2inge 1t {a inmpasgible to diatinguiash in o nep—
artitrary way betwssn matter apd antimsatiar, the viclation of pardiy does not provides us
with a means of telling, jio an sbaclube wmay, right from left.

The velidity of the PC invarianes was best i11ustreted by the intardietion of the
daoay int¢ two plonz for thw loog=lived neutral kaon, to the scouracy level of 4% eatablished
in 1958°7, and 0.3% in 1961%),

From Lorente invarlances, tha hypothasis of local Ainteraction, and the cavssllty
prineiple in field theory, 1t wea utu.‘n-lhheﬂ."‘j that all the lawa of mature are lovardiant
under the transformation L = PCT. This law comnects together the FC invariance and tha
invariances under time revsrsal,

*} These mwbers are erbitrarily set to gerc wienever they vennet he defined.



T inveriaoce io wesk loteguotions was cheoked in sovets) axparimenta. The validity
of this law asemm o o sstablisbed to the level of acouracy so fer attalined by ddffieult
axparimss nta,

The KiFS ayatew was known prior to the discovary of parity viclation. The hypotheals
of two nautral kaons with short and long lifetimss was advanced im 1955 by Gall-Mano and Fliﬂ']-
Aftesr tha formulaticn of the atrangenssa achoms of Gell-Mann and Niahijima in 1953, Perml ia
quoted g5 mring ssild to Goll-hnn‘}: I won't ballawve in your schems untll you have & way of
telling K° from F* ",

The X3 was Ldentiisa in 1955'"). Uns1 1957, the K and I wore dafined zs slganstatas
of the ¢ canjugatlon and, aftar 1959, an aigsnatates of the FC gonjugation, In 1%58, the £}
wers discoveresd by Bardon et al.‘}. The atudy of the decay atatas etrongly supportsd the hypothasins
that they were edgenstates of PG, both P and C appearing to be violated in the decay.

In 1584, Christeoson at ltl."J showed that a amall fraction of the k} can deoay in a
channel forbidden by FU conservation 'r.

Sevsral hypothases weres put forward to mave the PC conservaticn law. They ware ail
diacardsd byr sxpsarimant, which aiso satablicbed with grasat scourecy the amount of PC wiolatlnpy
decay and the pasa differencs between the loag=lived and the akort=-lived keona,

Floally, in the fall of 1966, the oeasurementa done at G'ER‘.H“} and at Pr&.metnn“} of

the decay of K¥ into twe neutral pions overthresw the supsrweak thaory of PC vioclation, which
had to admit the validity of the [AT| = % ruls in the interaction responsibls for the PC
violating decays of the Ef.

In gilving owr lactures at this stage of the svolutlcn, it appsared to ua ussful to
maks 5 mors genersl amelysis than the ane ussd in sows of the mest fregquentiy gquetsd papesrs on
thia mubject in which, for inetence, the hypothesea of FCY invarience or the AT = ¥ law are
introducsd sarly in the analysis, Michel Fourdin has made thiam theoretiocal anslyais which ba

will present in thia saMe asries of' lectures, and we ahell discuss the theoretlosl implications
ef the chesrved fanta,

The fullowing subjeota will ba treatad ip thess lacturase:

= The KiKS system under the hypothesip of FC gonmsrvation, The AT = ¥ mule in the
decay of the kaons.

= Proparties of mputral kaons, Interactdon with matter. Mesawemeot of the masa
differense and of the slen of the meas diffsrencs. Msasuremant of ths parametars
of the PC viclatiog decays.

- Ganorel analysim of the KoK ayatem, Idscuspion of tha chasrvable consequencews of
the different conservatlon lawa or sslection rules.

= Thaoratical lmpldontd ons,

]
*) Quoted by J.f. Sakurai’®).



CHAFTER T

1, THE K°K° SYSTEM UNDER THE ASSUMFTION OF PC INVARIAMCE

K® apd E® have a daficite hypercharge (+1 and -1}, This ia tha only quantum mumber which
distioguishes thew. Wesk intersotlicna &o not oomserve hypercharga. There ecan be transitlons
batwasn K7 amd TE—', for inastance through diagraos of the type.

Thia situatdon is unique. It canmot ocowr for ocharged kaona, basavee of oconservetion of chearge.

It camot ooowr for reubtral baryona or leptons, becauss of the conservation of the baryonic or
laptonic numbers.

1,1 The E] and K% staten

From the poiat of viaw of weak interactions, K" or K° zannot be sonaldarsd as efgenstates
of ths Hamiltentan, Let uy sesums thet PC 1 5 gnod guaotum ousbar forr the weak ipteractiona,
It ia mmay to cometruct two ol gamstatesx of FC

xS = ;rgwmm FC =+
and {1.1]
Ki = 55(1{'-1'-1:1:’} PO m =1 o

¥o can define K° = +FC K® or E° = -PC K°,

The algn ia & matter of dsfivtion, Stronz and alactromsgnatlio Sntaractiong somnserva
hypsrcharges, as well ax P and G, ard the getrix elements of thepe interactiona between K° and
E® varish. This mskes ths relative phase of £ and X" arkitrary. In these lecturea we are
going t6 uwse as ¢onvention E° = PO E'.

Brergetlcally, K" or E* {meas ~ EO) Ne¥} can dwcey into two or imte throe plons. DPecauaz
af the comatant references 1n ouwr discussion to the P, G, and PC aigsnvaluas of sgoh sabates, the
proparties of thess plon statss {glebally neutral) of which we make vwae are eatsblished in
Appondix A4 and sumwerdzed in Table 1.

Ieble 1
Qomme properties af 2x and 3r atatea, globelly neutral.
e wr pragnt ROgigd
Farlity F +1 + -1 -1
Charge osnjugetlon C +1 " | {-1)¢, {—1}1 +1 +

(¢ reletive orbital
womentun of ¥ty”
I: total iscspin)

Coabined parity FC A + (=13 *1, («1)T -1




We ase from thip tabla that tw PO = -1 atate:
2-% ®-)

oen never reach the »'%" state if PO ip a good gquantowe musber, while the
K =gy (& +E)

gan never raach a v¢zeg? atats In 2 atroog interacticn we producd the eigenatatea of Vs
E* exd E'. They can be considarsd as supsrpoalticons of Xj and Kj.

= (4K

j (1.2}
BF=p &i-r).

Iifferont chanpels are aveilshle for XY and K3, ani there is no reason for them to have the

anme lifetime. The decay inbo 2r beilng fevoursd ovar the thres-tedy decsy by the availalils

phage space volume, ons expscta a shorter lifetime fur the Ej.

Experimentelly, ona observea two noutral kaons with respeoidive lifetioes
r(Ky} = (0,843 £ 0,013HO  mec and +{Eg) = {5.15 * 04440 sec, the firat ona decaylag
tain]ly by saiaslon of two pdons.

1.2 The tlow proposmtion of the neutrsl keoo states

Wa hawvs not proved at any stage that tha PC = =1 aupsypositions of K and l-_t' have &
defiplts maas and a dafindte lifotlos, The theoretlcal proof relies on the treatmant of
Wignar-Heinskopf and 1k dsscribad in savers]l papers to which we refer our mnﬂ.ﬂrﬂ"’"].
Sinca, untl]l 1964, ervperdmints ware showing the sxisfanoe of & long-llved and a shori-
lived companent devaying inte two chaonels wlth oppoolta PC pardty, 1t was a natural step
to identify thess particlsa =ith the PG eigsnatates defined by our relationa,

The Wigoar-Helaskopf mathod Llatroducea a complex mase mabrix, PFor a atabla atationary
atate the splutions of tha wara squations oontaio the phase faetor a"i.ﬂt,. in tha reat Trama,
Por an unstable pertiocla decaying with & lifetime 1/7, the phase Tactor becomss & ~*° yhars
K =m -i/2D. This iotrodwes in the norm of the stotes the factor s | © dascribing the

exponentiel decay.

The raxt ptep is o consider & kemon a2 a auperpoaition off the E= and X Just in anslogy
with the two spin atates of & apin ¥ particle.

Such & state ¢ = {E¥ X°) propagates sceording %o a generalized two=component Sohridinger
aguation:

. f Hliw M\ /B
L& i?F Mae M st

IfK and £ ware oot ooupled, thia is aguivalant to two lndapesnisnt Bch:ﬁdjmar aquatlions,
ﬂth-ﬂ'll'.. - 91" m 0. The opuriing of the two atates vla the weak intarastions lopds to the
goypling of the two pguations,



A rotation of the basis in the K°F' spaoe allows the definitien of two new states K ang K
which cbey a Sohrédinger equaetlon with a diagonsl W metrix. The diagomalization 1z done expli-
oitly in Chapter II in tha most gonerml caga. Io other wards, theae atates propugnte with time
aseording to the phara fantars l"i!"r and i-ﬂﬂ, whers My and My are ths complsx mmbers
W s -1/2 0 and Mz s me - i/2 Pz, oy snd Iy beinz the rest wass and the decay width of
the short=1ived component, while my and I's vel'er to the long=lived ocomponent, T belng the proper

ti-a‘:l. Thege ataten are the FC = +1 Bnd PU = =1 eligenstatea we have already delined in the
casw whare PG is oot viplated In tha deoay.

Ax will appear olearly after the first leoture by Frofegaor Gourdin, the asss metrix is
aizmply

A
3

ot |
= M

when FOT and FC invariance holds, whers Ad = conplax masa differsnce between Ki and K:, and
E= (11 + H,)ﬂ,

AFGer a proper Hine v, a E* atate will have tha form
EG{T} = :}2- ( §in] ﬂ-ﬂif + F2 g'i"tf) .

If wa sguars matrirx slements cbtalned from such sn axprosgioo, we are left with two factora
a"T1T o0l o~TaT for asch of the two conponemta, Teflecting the sxponentinl deosy of the states.

If the two states K] and K3 ara written in terms of veckors

K,
e
L .

Time @

wo aee from the above ferwulee thet with time the length of the E: ahwrsens bocawne Ty 25 I'a
and its phase changes relatlve to ES by an angle 9 = Anr, whera fm is the mass differencs.

Thim im the hasis of all the interferwocs affects and of the meoguremant of the mesa
difference, Whensver we producs a mixture of K7 and EI we can lock on any physical effect wheas
anplitude ean be oontrlbutesd by both I} and K},. Tha rotation of phosa betwasn ths componenta

oontributlons es & function of tims will give riss to the interference affects depecdent op
L

‘] The fagt that a 44fferapce,in the 1ifetimes abeuld corrsapond fo my ¥ mg wes Tirst pointed
out by Pajs and Pleniend'’? :].
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1.3 Tha origln of the mass 3iffarencow bhetwesn K: and K’;
That can wa axpéct g prdori for fm?

The virtual atatea corvesponding to the rest masass of k! and K% are different and 1t ia
natural that thair maasea abould be differant, It 18 Interesilng to note that 1f the plona
would hard been of o besh higher than that of the keons, thus fordbddding the dsgay into rasl
27 or in atatea, the masses of the K: sl of the K: muld a{ill have baen differant, elthough
the experlmental evidence for the two statea would have been rathar hopelosa. I the mgas of
the pion would be such aa to Torbld the oon=lepionic deceys but ellow the peml-leptonic cnea,
wr would pever hawa had such clear evidencs about the PC propertisa, but the lifetimes would
hawe been differsnt and the aspi-loptomlc daossye would have sllowsd & preciss detarmination of
the mass dlfference.

The coptribotion of the above matrix elements to the meas wust be of the order of G*
(G is the weak interaction constant ~ 10 /mp, &8 = @ G'); @ must have the dimensioma o’.
2dooe wo are unabls t8 caloulate strong wvirtual atetes we have to make a guess amd write
x = l:. Then

-re By =-a +10
im = 0 —_ n 10 7 &Y ~ 10 1.1 - N

The valoe of o deponds on what 1m the soergy of the virtual statea playing a rola in the sslf-
moas diggrram, I thess epergies do not go Boyomd 1 GeV we hove here n obrrect satleats of the
ordar of megnituds. We are going t0 see that previssly im ~ 107" oV,

If wi had dirgst tramitions through 43 = 2 owrremta from X° tnf", then t = a Gy
i n:, and fo o~ 10" am-' whioch ia sevan ordars of megnituds awsy from the precsding waive.
¥a can thus understand the lmportance that was atieabed to o peasuresant of o, eyen as en ordar
of magnituds, ay the Dast ovidenee o or egeimt the sxlatenoe of AS = 2 transitions 1n waak
interactlons.

DECAY NODES AWMD SELECTION RULES TH [HE EAON DECAT

The Awanys of the aharged atd ceutrel kaons are comestad togathay by oowe gelesction rulea
sovarning the mapk interactions. Bedauwss of the laportence of theas seleoilon rmies in the
discussion of the PC viclation in KY decay, lat us firat saxamins this conneotion hetwean e
dscaya of the chergsd amd oeubral kagns,

Iy Table 2 are liztsd 4w decays of the kasoe, in sush a way as to illuwstrate the relative
valusa of the desay ratas, The arrora ere not quotsd in this table, sinoe only the ocders of
mognltude sre leportant in this dtscussion. However, the acouwracy in the detersination of some
of the deaay rates plaps e woat importent role in the final enelysis of the FU viclating decaym.
For tiis recaon, we give in Appendiz B the teble of Trilling'®), where the erroru sre glven.
Soge Mporepabnies smopg theze values will give v the limdts withio which w bave i aocaph
oertain somolusions about the seleotion rulea.



Iabls 2

Table of the deosy modes of charged and neutral tannat}.
Pacay rates relatire tv the sbhort-i1fvad meutrgd keon,
(148 £ 0.02) » 101% aag —1,

Tatal rate:

Kt

K3

Kg,

Scals with
reapact to Iy

mx = hﬂ}.ﬂE * ﬂ.‘“
T {1.25 2 QA HO™" sec

oo = 497.57 2 .16
(0.83 & 0.01310° " zec

ey, = 49787 £ 016
{5.45 £ 0,4L1107" 200

" 7« 10™
o o3 . 10"

10

|

10

i.[tl-! Fu0 w 107?
wtyo 14Ex10"
(% mode)

wete™ 3.6 w 107
(1 mods)

oty 2,8 x 10
WY 2.2 = 107
wwoxe 1.4 x 107

Laptonio decay modsa not
mgagyured, Identicel to
KI: if PG good gr FCT
and A = AS gond

¥ty 5.3 % to7
veFy BT x 10
PR 42 x 10
e 9.4 x 1070

aw ¥y —

T < 9 x 1o™

10

Sy 1. x 100

FE Y 45 x 10T
¥x0 5.6 x 10

' F 2.8 x50

10

et o« 2 2 1077
ety debi w1077

¥ +y 1.3 10"

10

te s x0T

yytemy 1.4 x 107"

L -
a + a

& o p

- < 5.5 :r:1ﬂ-'

-

10

#) This {pble ia organized in such a way wo to presem: the relative rate of the diffarent decsy modes
with respent to the KS total deday rete. Some values are approxivate, sloce atrong disorspancies

exiat batwesn the publiabed vuluwa.

by muing"':'.

In Appendix P ors preasntsd tha exporimermtal valwes coampiled



Table 2 calla for asvarsl comments.
i} long=livad neu kaon 1a not an ad tate of PC

sts™ and 292" atatay heve been obsarved in the decay of Fi. This particla can than no longar
be gonaidervd as the migenstate of PG, Por this reeson, we kemp ths denomination X3 and X} for the
PO sigenatates dsfined by the relations (I.4 b but in the following vae K end Eq for the long-lived
and short=Iived phynically cbaerved particles, They will be defdined in e gensrel manner in the
firet oheptar treated by Professcr Gourdin.

4] The AT = "% rula

The dacay mode KX - ¥ + #° is 690 times slowsr then the two—plon desey of Kg. This polnts
towarda the acdatence & s selection rils goverming the interacotiony responsible for tha decny.

The total wave functon of the twe pions has to be cooplately ayometrical with reapect o the
intavehangs of the two plona, The orbital wave functhon ia aymeatrioal, sinca tha kaone havs Zaro
gpia; Yut what about the fscspin part of the wave funetlon? Two plong can ba in tha atatas
I=0,1, 2. 0Orly 2 and  are symoetrical.

In the dasey KX+ a4 v, the final state sust be I =% or 2, since Tz = 21, I = ) da excluded
beosuss 1t la the antlaymeetric combimation [#(1) » ¥(z}]. Thus only tha T = 2 state is awallahlas,
Siven the imitinl isoxpin 15 I = 1!"'., only & transitdion AT 3L or 5,#; can lead Lo the dwcay of
chapged kmong inte two plona,

The E* or £ having a rerc charge, their deoay product w'r or #°w® can be in a otate I = O.
In this came, a transition Al = 4 im permitted. Thir ocncluslon alsc halde for ]ﬂ, clnow

< aw|E|Ey » = ;1-5 [4: wlH|E® » + < o]0 GF|E® >] -

Aapyning for the moment P ip consaryed in the interaction PG“I'I PC = H, thia expreasicn
agquals

jif [cﬂiH}K" }+¢WIGPHIK°};]=J2 I:‘“EH[I'??] ]

CElem » = |szr » (Table 1).

If the weak interactions arve governed by a selection rule &I = Yo, wa can mmderatand why the
g* deoay iep strongly inhibd ted with respeot to the meustral componsnt Kﬂ.

This rule has & further conseguencs in the decay of Ei, The operator in isospin space
correaponding to I = O ia

) < F(2) =) 202) + o) o7 (2) + 28] A2,

So ona atata, out of thras scomrrdng with agual probabdlity, sorvasponds to s9¢%, One thua
axpevts 2 hranching ratio;

T{Ks + ¥y 1
Ll = — =
rkg + ) o« I‘(KS + gt 3
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A small phass mpace corrsctlon tairing into acoount the (o, #*) mazs difference lsads to a value:
u= 0,337, The laportance of the AT = 1 rule has led to a saries of peasursmants of which the
mork praciss give:

u = 0,335 £ 0,00k (Zenor bubble chambar, messureosnt of both o'y and #°® modes);
u = 0.280 & 0,084 (methyl-icdids clamber, wopsurasgnt of Towd)
u = 0,288 £ 0,021 (hydrogan bubbla chanbar, measurscent of ¢1w™).
¥ort of the recect papers quota the result of the coapilatlen by 'I':'ﬂlins“}:
Bo= Dt O.028.

Owing to tha alight incooalstencies betwasn the measyrsscnts, it 1a worth kesplng in nind
that the experimamtal data atlll open & not toc parrow door for soms adwixture of AT = ¥, Even
if the AT = ¥ transitlors would be completsly forbidden in weak imbermotions, sleciromagretic
radiatiye correctlons xay introjucs AL = ¥ adomivbwrs, Theas oorrections oennet bo valouwlated
with aseuracy, and slwpls applisstion of perturbgiion theeory lsads to samaller decay rates for
¥ than thoss cbporved.

If ona apmumes that the decay in K is due to an adairturs of 4l = %2, whish £m alsz present
L
in the KY devays and peglecting amy posaibls coptribution from AT = ¥, oos finds [ses Killen '},
pe 446] that the theorsiicsl branching retico ¥ 1z changed into

.20 5 u 5 038

whioch coantalns the experimental velusa. The lsportonce of thess conaddsrations 1lea in the fact,
oatablished in the fall of 1966, that tha branching ratic of the Ep intc the two possible modes
#0" end 1890 in very dfferert from that of the Ky, chowing that the PC viclating interactian
reaporeible far theas decays badly violatea the AL = % selection rule, and exclulling soma of tha
theordea put forward to deal with the P vlolation.

The 4T = Y rule was so fer admitted to hold in wesk intersotions and was in rather good shepa
8t the time of the 1965 Berkeley Conference. In Appendix ¢ we review brlefly the supporting
arguments for thia lew, togethear with 1ts besring an the keon degeys,

INTERACTION OF MEUTHAL K MESONS WITH m‘]

3 e ddffevent typey of ivtsrackions

K¢ and £% have dlifferemt properties in muclear satder,. MNany more chawisls ars arailable for
E", whick ia of the sane afrangeoeaa as & or I, than for the K°,

The absarption of K¢ and Ka besma begiuse of miclaar intearactions ix the same, sinos the K
and E° are abasorbed indepscdently and thelr morm 1s the mame in K and F3. But the different
alastio cross~sections For E° and F* will changa the phass rslatlona sxisting betwoen the E° and
K°

%) Wa rafer tha raadar o sevarsl srticlss whers this problem is disoussed’’22°"*%),
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After a scattering, the Kj wave funotion is modified:

¥ =% [FK > - 7| 21,

whars £ and T sre compler oumbers. This can be written as
£ -F #
r=Tlnﬂ>-£-2-—* |2 > .

If £ £ T we have a finlts probabllity of again heving K| after passage through mattar, Three
machanizns of regemration cap ba considerwsd:

1} intersction of the leon with ths individual nwucleona From ths moled;

ii) igteraction of the kaons with all the nucleons of the nualel, actng ocherently in the
forward dirwotion: +thim ia callsd the diffraction regensration;

$il} interaoticon of the kaons with all the nuclei of the medum acting coherantly in the forward

direction: this iz the coherenct tranamimsion regecsration which fis the Jomdsant sfieot
with thicdk Mgenarators.

3.2 The schwraot irensmiasion regepstedlon
Lot ua conaider a pure X} beem impinging upot a alab of material of Ienzgth L. Such beama
ars gaxily cbtained from many accelaratorsa.

Aftar a shart tlme corrssponiing #0 p fow sontimatres from the polnt of prodwetion, the
nautral K beams sll oonsist of pure Ki.

Typloelly, an acoelerator like the Primceton-Penaylvanin oné (3 CaV) zives intaraities of
5 x 10" Ki/ses at a maac momentum of Z50 Ma¥/ e, at 90° from the praton beam; whils the nautron
beam, whioh iz the meln coptemimetion in sueh besss, 1a 5 x 107 &t a momontum of S0 MoV e, Tha
T rays are filtered by lwad collimators, and oweeping magmate oliminate the charged particles.

Conddar a plens wWove troversing a materlsl mediom,. I wa cooaider the acatisring of the
mnrs by & rlegls atom we have

1
Yout = ok T D (8}

To the Llnomting plans wavs is supericpoasd a spherical outgoing wava. The queptlon then
ariass whether we cen z3d the cortributiorns from the different scattering centres:
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Gonsldsr two centres having a distanca 4 along the path of &, 4 baing typloal of lnteratomic
dlatamces ~1 & = 107" gm. The path &lffarence For two waves scattersd at the angle ¢ is

AG = AB = ﬁ(a‘fﬂ). The two maves add oohereotly oply if this differsnce ia wvery omall compared
ta the wavelength of the incident perticle.

Typloaliy, at 1 Col/o, AK?} = 1.2 x 107" om and this oooditlon means:

a%’- 1.2 x50 om < 24 x 1077
# << 5 mrad.

¥o pae that it 1a only in a parrow forward cons that the oobérent conditons hold for the

adjavent afouns slong tiw path, IF we nonmider tha ccharsut contribuiien from atoma all aleng

tha path in th saterdsi, this sondition £a sven mora atringent and ooly at zerd apnzls oo tha
contributlons zdd, CGoosdder o shest da, at x, inglde the alab.

Wo toke sa origin the polnt M
whara wa msaaure the soatterad wave

/4

iz

The combribubion, at ¥, t the spattersd wews by the atoms plaosd mt A constant distonos
from M 1a:

1k
r ¥

N de 2wydy £(8) 2

where H is the mwmber of atoms per cubico centimeire.

We hare assn that only very amall angles are ocnaldersd in thias process, and to an
wxuallent approximation F{#) = £{0). Wa ¢all f and # the forward seattaring amplitudea for
K° and E'. ¥e have the ralakioms y® + 2° = r*, and for constant 5, yiy = rdr. Wo have ta
iotegrate the a:;praaaiona"h'ﬂrf:u:tnu, gnd we ahall have a diffrection pattarn, At
¥ =+ w/k (Limit of the firat Fresoel zone) the contributiona ars in opposits phama to the
cne oomlng from the axis yegion. The Integratdon dpads to the sxpresaion

o

in widoh the firet term 1a an indafinits quamidty. Tt ie o clasatos] prohlew in aption.



- -

I E
F=] emdr
r=1x

can be oonsidered as an infirdte sur of very peall weotars in the conplex plane (Pig. a).

Im(¢) Im ()
starting pont raz ireg point 7=z
B=Kz ""'mj
o= Ra(y) Rely)
y dB=Kdr

{a) (b)

As wo pontinue to gddl veotors we shell coma baok to the atarting podot aml g0 eloog the cirole

f'or over,

However, the phyaical situstion is dlffareant. The regenersiing plate dosa not exterd o
infinity. If we ipsgine that 1t deoresses fo 3eTc prograsaively, or that some procees such ap
pbaorption or decay reduces the ocdntrdibution when r inecreases, than we add vectora of deoreasing
langth whilat turning by the same angle {Fig. b). ¥e thus aplrel prograessively towande the
ottre and for r' = . the integral is just elkS/A. The incremsnt in seplituds d3 predunsd by the
larger ds la than

@.hindsf{u}’i—::

{1.3)

A8 can be chedked samily, it is half the sootribution frowm the fivat Preaml Eono. For o plab
of floaite length L the voplribution wlll 2dd Mvesrity, and we bove ooly to Intagrata this
sxpreaaion orer the cell thivkoess L. A Lemm sonslating of a supsrpopliion of K} axd £ w1
have & 4ims propagation datarmined by the nuclear interections in the melivm and by the
propagation in vaowmm, dafined in Ssction 1.2.
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Tycing into aocount that dr = v v Ar = (k/w)dr,

£(0)-=2(, ()

whars A and B sve the aeplitudan of a atate in tha (Kuiq}huh,nbdngthlmaufﬂnumﬂ
kpans.

Combirdng thia wariation with the oné in wacims we cbtaln

% A %f ¢ &
"Eﬂ;(:): :% ¥ (;>- o 2+§ (;)
]_%ﬂ.f % &
RSNl

If we atart with s basls {X] Ki) wa cbtain

SR A

mattar

Bln

lapding o a fotal maas omatTix

"'"TTH':’E*E} f=f

Il.ntt.&r+'ﬂam - -
£-F wo- (4 3)

whoro My = m; — 1 Te/2; ¥ =m ~ 1 Ty/2. X, and Ea ure pno lonzar sigeretates of this
oparntor. It is neceasery tu dipgonalize the mass metrix, and this leada to the approcionts
values far the algenstztes [see Mell and Staimbergsr -’ ]:
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|%% > "“”mﬁfaii I3 >
(L.)
Iﬂ?lﬂﬂi IK'?"HL'% !n:" ¥
with the complex maszen
W =¥ =24 )
(1.5)

= - (r. 1)

noglecting torna of tha ordsr nf(%if—:{r‘)“? Corsider a Ei incldent on & pisce of
matarial. At the aaface it is comvsndent to describas |E% * in terma of the dlagoral mkatea 1in

the materisl since we know how they propagete.

Prom the relations (T,L}
%% > = [KS > ., ~ '“f*f [r“’ f:;m:l .

anl neglectlng torms in second wider in £ - T,

I8 > =I5t oy - gt Eo I 5

I it takes & proper tims 7 o travel in the oatier, after thia time we bawe 1in the
mattar

¥ = .-dI.:rIH: > #H;r-t —ilfl'lxo > a

or, in tarms nf thy eigsnetates B} apd B} in vaomm

;.,-ﬂlirh:}+‘-1ﬂr!ﬁ!"f+i 12 »

-.—J.l.r" £ - f' Iu}'

¥ -

alvoe Mg -~ Ni = Ma — Wy,

#} In Appendiz D' we glvs tie derivetion of this formula.
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Thers is regensration of the state X§, the amplitwie of ragensratisn belng

peMafr-n Lzt :if']

where AK 15 the omplex wass ddfference jm - /2 1, neglaoting I'a witkh reapect to I'y.
Thin forauls calls for the fellewing romsaria:

i) The intensity of a E{ beam af'ter traversal of a alab is found by squaring this sxpression,
It ia, in ths case whare M o 1/T,

151+
WpF——— g — e e Ny —.— —

L i
1 2 3 4 timein witsof 1,

proportional to 4 + 4017 ~ 2.-1-,1-;"2 cop imr, Fa ame that if am »» 1/r, in & time of

ths crder of 1/T, the oom Ant term will sacillats very atrongly durdng a lifetisa, In
the cass eorizaged above of sm = 107 Ty, this oasillation would prevent any msasursment
a8 & funotion of tine, whils if Am ~ T'j an casillation in the appeerance of X3 can be
obaarvad,

1i) The forward mplitudas f and £ are relatad to the total croms—ssotion ¢ apd ¥ by the
opticel theoras

If one koows the aross-seotions for K and X~ in the material, thay ars the same for
K and B by iaoapln aymeetry in atreng Ifnteractieons, FPor a very thin rogamwrgtor,

pp = = arg i(t = F)
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for a thick one

1 = AT

Tp“l’f"'ﬁrﬁ(_m )i

The Aocond tern can ba caleulated 1f ope kntws dM. The modula of £ = E is measursd from
the wsasuremont of the regeneration anplitude (£ = £). One can thus obtain the ebsolute
valus aof the phame:

?fnm-"-h EE""rI

[r -7

Im{1)

{uﬁ- '"u} q‘fﬁn

-

Ralf)

This relsation haa besn wsed by Rubbia and Stetrberger™®) and Mischke ot al.’®’, tu derive %5
from the exipting expor-iments om E* and K scattering.

iii) The croassssction for cobsrent transmizsicn regensration wili be proportionsl to H® or L2,
whera LI 1a the length of the alab, 1ln the region whers absorption procespos are negllglile.

3.3 The diffrection regensration

If the copditicos for additive effest in the forward ddrsctdon are net fudfillsd, and if
the K° Bni I-'.'.‘I udergo elastic ocolliaicnd on muslad in the facward direction, thers will still
ba rageneration of Ki. Put at & given poink m glong the axim we cannck add the amplitudes
from dfferent pointe. We harve fixat to aguare the anplitode for each iodividuel slament
of volume and then ictegrate. The orves—sastlon for the production of a K5 ia proportional to
[f - ?I’. After acattering io the farmard ddracilon wa hava

£|x* » = £|E* =
72

- -
fnflxu:)+f+f

TR
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Two capen have to te comaidered:

1} tranamisaion regenarstion one sdds the amplitudes;
1) diffrection regensrutlon: one adda the cross-sections,.

The nvaber of K{ generated in a layer d; and traversing tha thickness s ip the dprection
of the Ilncidept beanm fur

Edi(%) alr-F" waT7

whate

A(%) - we - 7r ST,

If wa integrate for o sick of lepgth L w fipd

(%) =g - f|* Hl:i - .-I‘-r]

where T 1a the time token by the E' to traverss the alab 7 = L/wy. Gomparing thia with the
previoua result, coe Mpda:

S LA 1267t n2 6782 oop 5
dojan T W+ ¥, PR

R

whars

I mlyv,

5=E|"”-I"{T""|.l
=20k,
A-danaylcngthnﬁw’r, = TYT

&= 2an tiom 1.
Thiz ratio is indapendsnt of the aocatterinz amplitudes. We asa that tha thicker tis

alglk tha mors importort 1a the ooherent regeneraticn, wp 0 the point whers absorption
procssses are negliglble.

Typically, in irom,
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DISCUESTION OF SOME RECENP INPORTANT KXFRRTMENTS

Ll
4,1 The study of regererukion, by Christsnson et ai., }

For 33 GoF protons bombarding a 0.5 am bary)liem sdre tarpst, = boge wam chomen st 30 to
ihoe inoldent proton defined by & lead collimatar et hed motrea from the target {Fig, 1). The
appuiar divergances aocapted is L mrad, ATter the ocollimator, a bending magnet sweepa the
charged particles, an) the y rays are flltered by passing the beam through 4 cm of laad, up-
stresm fram the oollimetor. The ES beon passes through the materisla in which the regenerztion
waa atudised at 18 metrea from the target, The positlons and moments of tha docey picns coming
from a Teganarated K ars peasored in o pady of sogyet aml sperk chember spectropeters, thue
determining all kinsmetio proparties of the K{ and it decsy.

An evant 12 accepted whaever thare ia a ocdncidencs bBatween the twa apecirometers, anti-
aoineidence vounters and Cerenkoy counters giving the sAMtiongdl ewmrantes that the event is
produced by a meutral pariticla decaying into two fast partiolea (v/c > ¥ ). The main souros of
badkground in sush basms comma from the neutrons, and they wares used to monitor the Ef intensity.

By placing & regerarebor and calovlating the smas of the KEY from the Kinemetlos, 1% is found
that

By = 438,10 = 052 Me¥

in good agreemsmd with the accspted valuwe mg = 497.8 * 0,6.

bol.d The regereration, Flgurs 2 showe a typdoal Mstributlon of cos ﬂg" whars &K ia
tha angls botwesp the lims—of-flight of the pirent partiols apd tha hosm axia for these eveota
of moss in the interval LAI-513 MeV.

The parrow forward peak cortaline the regarerated ﬂ, the Fforward insahorect Mffraction
paait, and some bankgraundls

I one reduces the denmity of the regansrntor by one-half, the transmisaion regenaration
should decrsaas by & factor of 4., This was done by ooliparing regeneration from 7.5 am of
agpper with that from & stock of 12 x 3 ow plateo separeted by 3 o alr gaps. It LB an idsal
hal f-deraity regenarstor in the limlt where the gapa are amell somparsd ta the wayelangth of
the mass differemnde ofeillation. Ino this case it wap 11,5 cm, The cbhserved reatlo 1in the
ooharent peak should be 3.58, teking into acoount the smgll correctlon Frow the elir gep.

Por tha inscherent pask, the atismpetion should ba 1.9% (inatead of 2 for the sama
correction).

The obaarved valvwes are:

S'IEP = 405 = 0.48

& (cos aE} e 000004 .

This satablishes fimly the correct lnterpretetlon of the K+« intanedty, To give on idse
of ths orders of mapnwituds, lét ns list some tobal foward Mgeparation croas~ssoticos
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Materisal uT{-b}

Carbon 273
Iron 70
Coppar 1080

¥e oas that thay ere very high, They agreas vary wall with optical model cadlculatd ona, Thess
caloulatins ars bassd cn the fast thet the fooward soptterdbg cross-sections are reloted to the
totel KE-muoletn orvss—ssction, while charge independemos relates K'n to K% and K¥p to X%, One
oalowlater independently the svmttering muplitule for E° anl E':, the Ei aoplituds being helf thaiy
B,

k2 The 2v docay of tig long-lived noutre) kyog

42,1 The Asgay inkto oharged plong, It 1a in the courae of thin lasi experiment on the
reganeration of K from K3 beama that the doubly charged plop decay mods waa faund”}. Bvan
without any regeneretion, a amall proportion of 2 dacay maz found in the heam, Tha vy barrom
angilar aocaptance of the 1:". beam, ax well as the high ecouracy in the measuwremsnta of directlon
and mompnts of the plons, meke 1t poazibla te deterwine wih esewracy the angle batween tha
incoming K3 ard the outgodng K and alsg to dsternips the invardent mess, This ir necessery
beosuss of the vory largw baokeround from the sspd-leptonie dAsosga of K:.

Plgura 5 shows tha evidencos chtained by these authors for the existonce in helimt gas of keom das-
caying intc fwo plons, identleal both 1o masa ard ln angular apresd to those dbtaioed from coherent
raganaration, The helium gam has auch a low denalty that it cao be safely conaldsred sa vaouwas
foor this focperiment.

Dheir value

2 Ko+ o+ o
K§f - 81l charged modsa

= (2.0 ¢ 041070

has hesn confirmsd by all svwoceeding secsurepnts, shidi are preoswited o Table 3.
Table 5

8 = a 4o /S an1 charged modas)

Arihars
Chriatsanson ot al 26} (1,87 2 0.98) = 1w0~°
J
Abambian at a1."" {(z2=3) x40
Calbreitn ot al,’™) (2,08 £ 0.35) x 10~
de Bousrd et a:L.":' (2=24 % 0,23) x 107
Rubbia et a:l...“} {1.96 * 0,35) x 497
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In dsoussing the pethols wed for the oeasuremant of the masa difference im wa will say e word
about how the moat scourmte results are cbteined.

5 gt the 3 + 3° + #%; This effect 1s very 4iffioult to mpasures
a peutyal particls goas in apd two poutpal partioles coms cut, To msasurw this rate dp ap absoclute
may, ooa neads to hays on shacinte sopdtor Car the K} ard sbaclute mesaorements For the =, which
dacay ssaantislly dinto 2y, These 2iffioult toaks have recently been fulfilled by twe groups, ope
at Princeton [fromin et &1,"*’) amd anothar at CHEN [Gaillard at 31."];.

1.2,0 Meampemepks of the dgosy mmte LI

The twe approsches bhove been very differect, In the CERK sxperimenta, the four v rays are
detscted by cooversion into thick spark chashera. The absolute calibretdon is dowe by comparing
the mugher of svents with those produced by Ey from & carbon rogenarator.

&t Privceton they uwee g partisuler featurs of the accelerator, The bean iz split into short
bursta =20 that the tiwe of detection of an ervemt glves lts tims-af=flight, This kpowladgs af the
moments of sach knon allows the use of oply cpe ¢ ray from the s*. The spectrm of tha w® in the
cantrs of mask 53 a0 differwnt in the 2¢% and 32° decays, that ona can vary wall sapapats tha
v rays in a glven gnmtry‘}. The smergy of the v ray» is mecoured by & spark chamber megnetls
apectropetar, Tha sama group also pads accurate peasuprwewids of the decey mde KI- e

The remlts ares:

[nee] = B2RE02 T4 B (g 40,5046 (Frinoston)

Rate Ky -+ n + o?

[noe] = ( a3 : ;:; ) 10 {cxan)

Thase Wl dffer conclusively from
[n,f = (1,50 £ 0,09)107° (mrld average).

Such a result alac dlscards the theorles atiribuling the K + 2x decay o a regmeration af Ko by
any typa of unknown inbtereotlon.

The Frimnpeton @roup alse finda

a3 + v +

tolR - ades] & (T 2 1.6)907*

in strong disagrestmért with the valus o Crieges ot ale™") who tousd (1.3 £ 0,6)107%, This
Aasgreenet s worth noting, and ahows bow d3fIicult are thw experlbents in whioh decay ratea of
moutrul partizles into meuirel partisles are moam; rel.

422,37 The passuregart of Ar, The masa Aifferencs, mess (K{] ~ midi {KE hap breon pespured by
s great vardely of methods, Thuy are descrihed in several revier articles®®’,

*) The knowledge of the preclss pasentis of the E° 1s ssssntial io order to Ao the tranaforwation
to the asntrs of Bsas.
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Table 4 glwee & 1liok of methods and results froa & report by Myron L, Good glven at the
Argonne Gonf'srsnoe on Wesk Toteruotions {1965}"}»

Iable L

Exporimantal determinations of im
¥paps dAfference botwoen Ky and K in wnite of Ty

W9 % 0,33 Pitoh, Ferkina and Pirouws,

Tipa;

1}

1

Muove Cimento 22, 1160 (1963).
2} 1.5 £ 0.2 Camerini, Pry, Galdoas, Hulszita, Netals,
Willmen, Birgs, Kly, Powsll an] White,
Fhya.hev. 178, 352 (1962).
3 0,82 F 0e33 ¥alasner, Crasford, Crasford amd Goldm,

4] 0.8 + 0.2 E. Good, Matsen, Muller, Ploeiondi,
Fowell, White, Powler and Birge,
Phya.Rev.Letters igh, 4225 {1961).

B} 0,72 ¢ 0,15 Fuji, Jovapovitoh, Puricot and Zorm.
[Berller repart in Fhya.Rev,Lotters 13,
253 (1964 ).1

"Gap* methed

6) 0,561 0,13 Chpdstenson, Uronin, Fitoh apd Tuplay,

Int.Conf'. on Wesk Tnteraotionz,
Brovkhewen (1963) p. 7h: ocorrected for

CF wiolation,
Leptonlc dsoay chargs ratic verss tlmp
7] 0T £ 0. Ecols Folytechnigue
+ .35 Pad J. Stelnberger's
8) .15 - talk, bxford Conf,,
* 1965

I{ would be impossible, within the freme of these leotwres, to desoribs all thess methods,
Aa a function of +ime the valuss ars stabllizsd arcund the valus 0.5, Bacauss of iha aystematic
trand shown by some methods to give higher yalnaa, opa #irat thought that there mignt be an
anmalcue atrong oess i Terence introluced by ebadorbers. They were repestsd receatly, snd the
yzlues raported at tha Barkeler Conferwnos in 1966 ware all arounl 0,5; this can be seen from
Talla 5, Thia fahle includes yvrluas obkadsed by a new oathod melcing usa of tha 2y decay of
E; in interferencs expariments.
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Tzble 5

Talues of Am = 1'52 - mxw.ml

Authop ,::!1] Tuabnd qos
CERK ([Boti-Bodenhouson at ale) | 04480 & 0,024 | Counber
" {A1ff-Stoinbarger ot al.) D445 = DO, "
La Jolla Oty £ D06 n
BHL (Fujii ot al,.) 0,35 * 0,15 Couprtar
Carnagle (Canter at al.) 0.55 £ 0,15 B. Ch,
*  (H1l et al.) 263 £ D16 B, Cha

A1l that has bgen Baid In thw preceding lines wekes 1t enxy %o wrlerstanl the prinsiples
underdyliog all the methods uslog regeperetion,

Let me just akateh dn a fow words scome of the metheds apd despriba moes fully soms
eopariments besanss theay Ilustrats i best the reason for the recent progress.

4e2.4 Strapggness gsclilationg, Ome atarta from 4 beam contadning a given relative propor—
tico of K* and K, for inatanoe by resactioos auch az

E'+n+5 +p

F+p-E*+E

In tha onas of the K heam wa hews at timse O

K‘iﬂE(IT-I-E;:I.

At a Hme t, the atats wlll propagete ageording to
g = ﬂi (K3 oMy T K2 amiMaT)

. _% [K.'{a'“'r . o-fl.r) - En{.—ilql' _ —-'I-H:T}]

The intensity of a giveo compooset K or X varles like

(."ﬂff: g-illr )“ - .'Tif + .'I‘.r + 2 coa pmr X ."‘[I‘: + I‘n:'n"E -

For times amall comparsd to 1/p,, the intenity of agy ooMpomdnt waries as
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t + ¢ T4 £ 2 o0p sy o T17/2

Ope detarmines the $wtarsity as & function of tima of any of the componenta by requiring a ajg-
nature of K® op X% in & atroog intersction, This is a popular method in bubbls chambeys where om
ven ¢asily ohssrve the K{ olese to the production point, Tha E* are detscted by loaking at hypercm
produoed by the neutral keon,

4eZed Thp leptopds decay chavee patio yarsus tigg, This wethod ha2 ame analogy to the
preceding, In sofar as the M = 45 rule ia verifisd, the E* and B states are ldentified by

thelr dsonys

Kt vy v ¥
- - ]
E' 4L +v+ 9

since the decays with the opposite charges are forblddm. In thia gsase, we obiain the pawe formiles
s the preosding cne for the intenslty of the positive or the mepgative componwntis. Howersr, it ia
more as & chesk of tha rule A = A3 thet tlmse decaya haws besn studisd, and the intarpretation of
the rasulta iz rathen mmp:lu“].

ho2yh Matholds based on regerapation, Thers are several ways to maka uss of the regsneration
mechanian it opder to determios the soplitwde ard the sign of the msass Alffarehca. As an exsiple,

let us moption the method sugpeatsd by Fltzh,

L regerarator gomslsiing of two ploces of copper sepamated by & wnrlable gap ia used, keeping
the total emount of materlel in the bevm coostant. As oos plecs iz moved upstiress elong the beam,
the reaultant Kf aaplitide i= the mm of the motritntlens from the two plecas. The ampldtude af
the ¥} pair regenerated in the izt slab 1a propoartomsl to e'.'r, where T iz tie pruper time taken
from the and of tha first slsb to the exli of the second, while the smtritutlon fros the regemmretion
in the senon] elsb is proportionsl o -iﬂ‘. whish I= the amplitude of the Ef st thia pesttiom. This
flvea s to the interferonce term in the amplituds of Efs Figurs L chows the varfetion of the
cobierent regensration mith the gep length, From which the authors®) somlude that

h-(n.:q + 0.1 )rs .
- 0,13

Howewsr, it ohould be poloted ocut that & ferc mass diffarsnoe has a probability of 32K, Wt aush
an srpsriment proved is, im faot, the uwnsccapiabildty of the sarly high valuwas for e Sincs oore
reoles dotunivations of Sm have besn meda, which we shall papticn later, we Ip nok wapt to dleouss
the matter hare aml refer the resdar to the article of Good>’) where these methals are smalyssd at
Iangth.

5. SICH OF Au

Several 1decz hove bean propossi d sessurs the slgo. Four lodepesdent experimants hare oow
damonstrated that MK ) » I[Es}‘"_"]- As exomple, let us give the method of Kabsarew amd on?™



Gonslidar two slebs of &ifferert regomrators v and ¢, Take o origin of time the axit tiwe
from 0.

The mplitode of KS aiter o ia the pum of tw ecotribvilons, oogleoting the shavrptlomi

+1iMar
- 'Fuﬁ-u'r+pn r

-hmpunnﬂpumthummmﬂmamputwinuuau. maintmitrnﬁ'thaxﬂmmm:
1as

ot olT1 = Ty o2 + 1o la,] Mn[hr + g - 'p,:l .

If we interchange 1 ard o wa hava
»* olTt ‘I"}"q-p' + oyl o, W“I:ﬁ"" {'Fu"’uil .

The diffarsuce betwesn the two wgresaicm gives riza tc o term
sin dmr sin (g, - 7,) -

Ifthnsimur%-wauknm.thovnﬂnﬁmurhhtmitru&mﬁtimnfrsimﬁnsip
of Am. The sign of g - ¢, i3 culoulated from aptloal modsl theory, The experiment has bean
perfarumd vesently by Jovanovitel st al’® ), Pigure 5 shows the variation of the K, intensity
as a fumtion of the distance batwsen the two sbaarvers, Tha peaitive algn of X, — K 1s clearly
demons trated.
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All the other pathods raly on scms diffaront techadques to have a sic An term appsaring in
the amplitule of the oouponent being messured’ ),

INTERFERENCE EXFERTMENTE TN TiR 2y DEGAY OF K AND Ep

mafnntﬂmtﬁsa.niﬂlmhothﬂaminﬂmm&dmmlha.aupamdthomtuaamu

of important experimsnts bszed on the interference hebtween the two componsuths when thay are mixed
coharently.

To have Ky anl X mized cohsreatly, the most straightforward wey 1s ta wse & B* or E® bean.
Aftar moms matres only HL ara laft, anl such experimenta ars reatricted to a reglen vlose to the
terget whare the neutral kpomy ave prodecaf, PFor this rsason the countsT arpsrimerts have besn
alow in this aprroach, =ince usually the tergets axre lnside the aecelarstor, apl largs badogreunda
pravant wipkicg mo close to the meghine, In bubbls chssbers, however, the target la in the asnaitiwve
voluns ltaelf, andl amail ictensltlea of aecordary beems are sufficient to produce snough meutrsl
kaong, the devay roglon of which is inside the gensitive wvolume of the chaxbar, This ia why the
frat interferencs cxparimamts ware deos with bubble chumbers, waing the lspiopdc decay ns 2 charmel
oommen to both ocomponents.

Tha availability of proton beama artracted from the acoslerator and lmpinglng on sxrteroal
targets has now opensd the way to counter techmloess (alss far sxparimsnts closs to the targst), and
at CEEN, Bubbla and Stelnherger havs put forwerd an lmportent ezperiment zlong thess lipes.

Ancther way to produce a occhersnt mixture of Eg a.lﬂ.ICL:I.a to regenerate Ky by woherent transslasion
thwough matter of a K bem. Such bamms ere sasily produced by sinply having s kols in the shiald=
ing walls of L{he accelerntor viswlng an inmtermal target.

¥o hare aean thet the ooherent regomeration glves risa o 5 K.s comporant, the =mplituds of
whlch ia given by the parametar of regeteraticn

=3Amy
N 1 - &
Py M-8 g -
A propar time ¥ after the teayersal of the matier, tbe particla besm cen be dessribed by
the miplitude

I wa detirm

1’ anplitude furKL+I++:'

§ m== = ]

= g
P

& amplitude for Is AT

the o0 dwoay rots par unit time zan be written in termas of the ]‘.'E deosy width I's -
L]
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an E
-ﬁ: = I'E,-lr- ] i-ﬂgr + r|-+_ |-j"[,r:|

. -I‘Er . -I‘Lr
'rs,+-[|ﬂi o« " vl ]t (1.6}

alslin, | 8 T e (g )]

q:ﬂ andvp“mtheplmamorthn ooaplex amobers p amd ne
Flioh ot ul.“} gave evldance for atroog ovmstrootive intexrfarence betwean KL and KS by
gomparing tha 2x intenalty frow two regenerstors of M ffsrent denaltles.

The most acowrats recent results ars obtainsd by massuring tha intenaity of the at davey
as 2 funcidon of the time travellsd by tie boam efter the regeneratar,

Tha smplitods of the intorference osoillatlons depeods oo Am while the phase of the caciliation
dapand=s on qp - n*

Bevaral sxperimants have been perforodd giving tha vary acourate valuss for the asss Alfforencan
reparted 1n Table Sa

The lgrgs ioproysoent in the goowraocy comea Irom the faot thet & olever we of Ghe Linswstical
propartles of the 2 deosy allows & conslderabls inorssas of the accepitamoe of the detectlng syaten
for 2r dagay, with respect to the leptonio deoay.

As ap axsopln, let us consldar the systam put forward by Eubbda and Stelcberger, I a x°
deoays into two plions, thair transverss samenbts in the leberatorics sre squals

Dy 3in 6y = p; oin 6o = p* oln 6* (L.7)

- L ]
whers p oand & ave the momernts abd the angle of enission io the o.m. ayatem.
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If the tmo picns pass through & unifome magetic fisld B, wlth & longth of trajecbory ¢,
tho momenta are potated by an amount

?Ernd'.r‘l.uu=;9u—‘ﬁ *

Lot us owopalder only amall curvaturas so that the lsngth of the track 2 = width L of the magnat.
Suppose that wa ochooss H and L auch that ome of the mowenta &4 bootmea parallel to the indtial
beam, For small cuwrvaturas we bowe

L4 '*i'ﬁ';]:"ﬁ .

The sscond plem will rotate by

L 1
P Pxgy =BG e {1.8)

Mow, alnne wo are dealing with plons of sevaral &oV/n whils the transverse momantum im st moat
210 Me¥/c, the angles #y and #3 are amall so that ain # ~ & and relation (T,8) shows that gz = O,
In othear words, the msesond pion is also parsilel %o the baam.

If the trigeoring syaten in puoh a2 to salect svapts giving riae to twe parallel piona, 1t will
be highly salsctive for 27 Gecay, since the relation {T.7) dces not hold for two charged particlans
ead ttad in tha laptonla decsys of a kaon. Such a system has tha adwaptags that the relativo &f
paralialise holda, irrespective of the decay polpk adong the path, thur parmitting g largs aoccephoims,
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The figld parameters are chossn so as to hold for thosa pions smitied at 30° in the c.ne system.
Escausa of the very mmall tranmsverss GoMsntis, the relation (I.7) atill holds for plons emitted
eround S90° withdn a large solid engle.

Using this techolque, @8 of tiw triggers covrreapond to 2v decayn, while the branching ratfo ia
only 2 x 10 s The efficlensy Tor dstscting & 27 decay 1a S0%.

The delicats point of theas methods in that the acospitance of the aysten is & function of the
positdon, and Monte Cardlo caleviationa are necesaary to detarmipe the efficlency of the myatem along
the path. Flgure G showa the sxparimentsl results and the ralative importancea of this afflolisncy
correcilon.

¥a hawe anglysed the principla of thds experinevt (although so far it 18 not the one which hes
glweno tm oot acournte value for fm), becauss of Its simplieity and alegance. It is sontd wuing at
CEEN with tha B beap from an externmal target with the sobitlon of achieving sn ecowrste peszvronent
of 4m and LI

Plguras & and 7 shew the resulta of tha iptarfarence sxperisents done simultapsously at CERN,
Yo ses in both canen the luportance of the efficiency correcticoma. The sireng dlfferensea in the
triggering ayatems reinfurces our oonfidencs in the two nocurants vealuss of Ap, aipos the systematle
arrors have littla reason to e equal.

From the formuls (I.6) we ase thet thoms expariments requirs a knowlsdge of the regsmaration
phana npﬂ to extract ?I'I‘-l—' whilch is a moat inpartant paraeater to know.

Wa have sesn that arg q:p can ba computed from arg i(f - ﬁ, whars £ and ¥ are the Formad
spatioring axplitudes of E apd K. Uning the arguments given on page 18 of this taxt and relying
on the data for K+n, ]I‘n, I+p snd K p svattering, Mlohke et i.l.HJ obtein

P = % 0;“@ + ﬂcl\ip M-
111-!

The coptribution to the srror from the vnosrtainty in vp 18 ponslder=bhlsa {n‘.‘I.EE ma}.

This result tekes inte acoount the iplependent dotermination of the aign of M"-“} to which
thesa interfarencs expsriments ars not sepaltive, Tslng tha same arguments, BRubbls amd Et:l.nherpr“}

obtained 1;{“ ) = D60 * 0.23. After the appearenos of pore scourate data of oon apatterdipg thia
-
raaglt ia modlfied to 1:“ = 1.4 £ 0,3, while the imterprstation of the other sxperiment dooe at
[y
CERN by Bott-Bodschausen ot a1 dlong the name lines glves 3, = 1.22 % 0.36.

This shows that o drect peoswresert of the pheoo L would be gratifying,

Cma axpariment is under way at CEHN to get L ddreotly, Hubbix and Stelvbsrgar thaught ta
study the 27 intarferancs effect fn a pure K° beam, Afiar 10 to 14 1ifstimes, the twe-pion
inteneity from the KS ia reduced to the same larel 85 the one ooming from the H.:, abdl interferonoe
affecta san be studied, The axtreotsad proton beaam impingss on & targst, Bnd at 6° from it the
neybral kaon beam 1w used, Thara 21111 remain asrious problems of background. The initial kaon
Poenw doos not ponsist of purw I¥, but the cross-gsction for X° is awwen times largar than the one
for K%, The unartalmty about the axact indtlal composdtdon dows not direotly affact the acouracy
of the measurenent, soce fhe B oor 1-{' are inltlsliy mat voherent in phase; 14 meraly reduows the
amplitude of the obaurvad affest. Howewer, bevnuss the icterferwrce 1s chaeryed botwren 10 apl 14
hatf~livas from the target, 1f ia neceamsary tc bavs & wery high accuracy in the term Alr to bave

a good recdslon on qm_.
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im wlll cartainiy be detarmined with 4w utmoat soouracy by this expariment, bui whether or not
1t w1l match the required accuracy im oms of the unkoowns of this sxperiment, the results of which are

likely to appear this year.

Ta E%L'.BIDH

Wa mey ooncluds this inooaplets end rather arblirary chodos of topdo in the neubrel keon physlos
by stating acme of the impertant results receantly obteined by the sxperimentalistn:

= The lopz=lived pewirsl kaon ceo decay into two charged pdona with ao ampiltade 0, realative
to the decay of the short~lived kaom, wh=rs

In,_] = (1.54 £ 0.090107 ,

Py ) < 1.4 £ 0,34 and 1,22 2 0,36 (icdirent measuram s},
*-

= Interferenve 1a cbxervsd between K &l regeperated Eq 1o the 25 deoay.
= Tha long=lived keon is warisr than the abort=lived oms.
= The nost accurate dstersination of the mess dlfference in K = K = {0,480 £ 0.024)/ .

= Twd asasuremstbs gdve the soduless of the ampditude of the decay of the long=lired keson
into twe nautrsd pdons;

brael = (8.3 1 078 M0 and {149 £ 0u5)107

The phase @{mn}il not known but 1te oecsvrement is under way,
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CHAFTER II

1, ZSTROHG AHD GHET T I0H3

1) In strong and alepiropagnetie interactions the strangensss {or squivalently the kypercharge Y)
is oopserved. The mescna F.'+ &nd B° have a hypsrohargs ¥ = 13 the mesgos E and F® haws & hyper-

cherge T = -1

< BY|®® = =
< FITIR > m 1.

For atrong end slsctromégnetic interactiona we have & auperasisction ruls due to ths hyperobarge
connarvetion. A11 the matrix slamants of obssrvable guantities betwesn a X° state and a B atute
vanish, and a¥i the phyadcal states are elgenstates of hyperoharge. In particular, the relative
phase betwsen the states |X® > end |F* > 1a completely arbitrary.

2] bet ua define as Ay the totel Hamiltowlan for strong snd electromagnetio interectiona.
The mDass of & stable perticle with reapect to strong and clectrooagnetic interactiona can be
defiped as the sigarvalue of Hy for- a ppea-particle state at reat

I ol By ol
< PP >

"

B .

h

Eecavsa of tha zuperadlsstlon rule for hyperahargs

<« B|IR|E >at
< Plae|s® » a0,

On the basia of |K¥ » |F » it iz then possible to define & mass matrix Mo which is diagonal
and raal

My = . {1I.1})

] L

3] The aquality of the DBAssd Mg &nd B 1a obiained as & consaguencs of agme discrete
gymmetrlos!

1} partdole-antiperticle conjugetion U;
1i) (P, whoare F 12 the apacs reflsction;
141) TCP, whare T 1s the Ltime reflantion.

2. WBAK INTERRACTIONS

1) The wesk interactlons arw pespomaibla for the decay of the K pesons. The varjous medes of
decay can be alaasified as Follows:

a)] Badronie decaya: hypercharge viplating in v meacnos
1) (2r) obhserved ¥ 7~ and 7v"
14) (%) cboerved ¥ v z° snd X" .



b) Sami-leptonle decays: oharged F mescna and leptens
i} Ky type in ¥ - 8 - v,
11} Khty'puinar-t-vﬁ.

a} Laptonic decays
Thervwas the oherged X mesona oan decay inte leptons

* +
l{+4-,u +I-I'H; K++e +vﬂ,
vorresponding decay wodes for the meutral K mesons have not been obaerved. This sxperimental
fect la understood as & suppraanion, &t {iret order in weak intsreastions, of o neutral
laptenis surrent

KApn , EFdidaa , K’-r‘:ﬂ!i‘.
4] Ea o Jendya
Tha 2y mode han been detected.

2)  Self-snergy

Tha selfmaperey of the pautral K gesops 18 sodifisd basavss of the presensa of waak
Interactlona. Let us call P a phyzival final state ghesryed in the decey of peutral XK mescpsz.
We new heve Tour types of tranzitions with reel Intermediate stétes as shown in the graph
balow.

KO K® K ®0
—_—eee—— —————yly
F F
& K’ K K
- —— 0
F F

Thaze transitlons cocour ak lesst at secomd order in weak Interactions. Because of the
aristaca of raal imterwediate atates, the aelf-energy becomes complex and the imaginary part
1a releted, by uwnitarity, to the dacay meplitudes. As & sacond eensequence thers now exlat
rneo-diagenal trenaitiona.

3)  Beala K'R°
Tn the aAbsanoa of weak interactions, the atates X°(t} end K°(+} aatisfy soperetely a
tima-dependent Schridinger equation

E{t) il )
i % ¢ = M . {I1,2)

B (x) E(t)
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Tha intreductlon of new channels F, now open through weak interactions, completely modiftiez thia
pimple altustion, and for the amplitudes ¥°(t} apd F*{%) gives wxisza to a complivated aystem of

soupled eguatlions.
The two basiec ingredients usad to formulats the prablem sre:

i} the superpegitien principle in the K ¥ apacs;
ii} +the time—3spendent Sohrddinger equetian.

A solution of the system of oeuplad equatlons hes been given by Weisakep! ana nigner. We do
not dlzousa hers the details of the caloulationa, and instead of Ey. (II.2) we slopiy welte

& matrlx sguakion

K () (1)
2 =M .
YT g R (1) )

whara M 1s indepepdent of tims.

The Hermitian part of M is the mass matrir M, and the skew Hermitian part of % 1s the decay
matrix T, me will be shown in Sasctiom 4 of this chapter:

Mauw-13. (II.4)

The metrices N and I' are both Hermitien. The matrdx I' and the difference M - W 2re dus ta
weak lnteractiona.

In the following, the indices 1 apd 2 will be used for the atatas B amd E

M, -2 > Mag = < B R »
e =< WK > hn--cr';"'lmlﬁ“:

L} Physical states for weak dscay
The eperator 8 cen te represented by & diagonal matrix after & linmar trapsformaticn in
the two-dlnensigne! apase E . The alganvectara of M are the observed decaylng states whioh,

a8 uzyal, we oall 1".3 and KL'

2] The paw bapia iz definad from the original one by a ocomplex 2 x 2 regular patrix O

P =q
=
r -1
with det C = ps + gr # 0.
¥e then have
Kk > = B2 > - ql® >
1I(E>=r[K":-+.1|R°?.

b) In its disgonel form the operator T is siaply reprasentsd by



whare ‘L and HE are twn ompléex numbera direetly related to measured gquantities.

Tha reletiona betwasn the satrix elegantz of M in the two bases are paally obtained
using the trepsformation C

h'll m!t

i
=]

M!'I m!k

This aguality coaptains feur reletlons

Moy w3y v ) F oy -y B

Max =5 (0 + Mg) - 00y - ug) 2208
m (II.5)
]
ve o (g - M) S

‘m.‘!i E{HE'HII}E%‘;I‘. .

Wa can sasily chack the conssrvation of Tr T and det M:
Trm-'?ln +m:==HL+H3
dst?l=ﬁuﬁ“-mumu IHLHS

which are the twe gonditlens suffiojent to cbtalp the eigspyalves of M ip terms of the
ﬂi,‘j"'

The twg other relations glve the gonatraints m G te put M in ita diagenal form

LOPR TR I TR

qa T Jr - pe
e)] Hormalization conditiona
The gtetes K and K" are normalized to unity

< RIE » = 13 < B[F » = 1
and ape orthogonal bassuse of the strangecsss quentum punber
< IR > = 0=« Pl >,

Ry assumption we nerwelize the phyalosl states lKL * and |KE * te undty

<HS|K3:-=’I; <KL[KL>=1.



The gorreapending conditionas on the G-matrix elemsnte are
[el* + {ql® = 13 lel + 18] = 1.

In general IKL > aml IKB:- are not orthogonal and the sealar product is given by

< Bgl¥p » = r*p « 5%q .

E!m SYMMETH IR
t}  Btreng interactions

For the atrong interactlons of hadrons 1t is poasitle to deline three dlsorete symmetriss
comnuting with the strong dnterdction FHamiltondian:

i) space reflectlon P
11} time reaflection T
i1i1} particle-antlpartiocle conjugstion €.

The znms altuation doaa pot held in weak jntaracticns whers at least P and © do oot commute with
tha weak interaction Bemiltoolan.

2] TGP theoren

Lat we oall L = TCP the produnt of the thres A{iscrate symmetries. The trenafermetien L
seamA o he walld Tor all the types of interactlenz. The thearetiosl basis of such & ztatament
is the TCP thaoram.

In quantum fisld thesry, the TOP theorsm has bess proved indspevdsptly by Liders asd
Faydl. The L transformation is squivalent to the produet of a atrgng reflention by a Herwdtic
oonfogation provided the following ssevmptions are satdisfisd in & local fiald theory

i) inverience under the proper Lorentz group LI;
14)] connecticn between spin apd atatistiecs;
ii1l) commutation or anticommutation of ths kivematicslly independent ficlda depending on the
atetistics.

In tha Fook spave, L acts in the follewing way:

i) energy-mocentum Four-vecter invsriants;
il) spin-direction reversed;
iii) all the chargms: slectrio, baryonie, leptonic, changs of sign.

Mareover, the trensformation L iz antilinear spd ths ¢ ounbars are changed in their conplex
con jugata,

Wa have a reciprooity relation for the S-patrix olememts
< f|5j1» =< jI.islfL » {I1.8)

whare the index L indieatess that in the states |1 > and |1" * ths trapsforwation L has been applied
chenging sples and chargea in their opposita,



3] Losymmetry in the K° £ complex
The particles ¥ and ¥ are sxchanged in an L transformetion. FEecauas of the reclproolty
rolation (II.5) the diagonal tranaitions E°-E°and EP-E® of #H are squal:

My aMas . (.7}

Buch & result ia obyipusly imdependent of any cholos of phase for XK' and B4,
From Bg. (II.5) it follows that

pa = QT . ({II1.5}

It 1 pov convenlent to define the phaser of KL and 33 with reapapt to K, such that p end
r are real and pesitive.

Vaing the norpalization conditions
P+l et o slf o,
Eg. {IT.8) oan ba imoediately aclved
rap; a=q

and tha watyixy C takea the form

"ithp=+rq|’="'

Equatiop (I7.5) reduces aimply to
mn =2’ﬂ." - 12 {HL + “3.]'

My M, Vs
¢ P

2pyq

The acalar product of IKL:v end Ircszv is real
Rl > = 5 - ot .

Let ue notlow that the relative F°-X' phase remalna arbitrary, giving ws the posaibility to
abmors the phese of q in the definition of the F° atate. In Faot the phese of n oannet be
experimentally meaavred.

L) Tipe yoversal jnvariance
Lot us now atudy the copmaquences of the time reversal ipvarianow. The recivrocity

theoren gives us an equslity botween 5 matrix slementa analogoua to Eg. (II.6)

< #TIL > 2 ¢ j,TIEEfT > {I1.9)

wharwe the index T inddontea that in the states ]i> snd [ > the tios reversal trapaformation
has besn applied, thus ohmnging the spina and the momente to thelr oppeelts.
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An & coprequenca, the non-diagonsl K B and F° K° matrir elements of ML are squal up te
a phaze. We define the relative phasa of F¥ with vespect to K such that

Mz =Mey . {1I.10)
Prom Bq. (I1.5) wa lmmedistely deduce
pr o g , {IL.11)

Fa pon dafine the relative phases of Ko, Kp s ' sugh that p apnd a are real apnd positive. The
noroallicaticon conditlons are Almpdy wredttean as

g+ a|? =1 frl? + & =1,
The aclution of Eg, (II.11) ia given by
p=Te; g3 .

The C=matrix takes the form

p

<= wih o+ gt =1

9 P

Equetion {II.5) takes the simpis form

mo_vM e

11 " "
P +4q

M+ PN
My = —2—32
P g

TR T T TR

pg" pq g -5

TM&nnl&rprﬂduutuf|lﬁL>md|K3> iz purely imsgipary
< Kl > = p{a - @) .

5] PG inrvarience
Evyan if we lmow that the FU ipvariance iz not valld in the peutral E-messn decay, it 1a

useiul to study the consequenoes of the FC invariance se giving sn approdisats description of
the phyaloal situetion.

Because of the strangsns=s supsraslastion »ile, the relative phase batween X' and B ia
not detarwined by the atrong interaction., We ghoose this pheas such that

P& > = |BE > PolR s = K> .
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We now define twoe pigenstates of PC by
PElKd » = |8 > PClEE > = - |K » .

It PC invariancs helds that the dacaylng states IE and ]'-'L ary eigenstates of FC, we 1dentify
with X and ¥ a3 follows:

kg >+ x>y e >~ % > .

Wa then gbtain
Ik > =L f | >-|8>]
I — - -
Wt g
IKEH?%IIR"HIR"}!.

whare 7y ani Ng are twe arbitrary phasss we oan ingorporate in the definition of ES and JEL.
Tha watriz C takea then the well-known farm

The TCF invardsnce oondition Myy = Mg and the tios reversal iovecisnss oopdition M, = Mg,
are then autonatiecally fulfill)ed:

™M, =My, =‘1§ {IL'* ISJ

M, oty '%[IS-"L}'

&) The vicletion of PG invariansa in peutral K-meson decay has hean obasrved srperimentally
to be very amall. It i1a then convenlent to defina the matrix slapants of C refereding to a

PG lpvardant situstion.

Lot us atwly tha sasea of L or T irvarinnce. We introdues the two PC wiclating
purameters L and «!

p-nu(%- )-E[anald-ninl)

q:alu(%nl) -‘21“-# {coa X = adn %) o 2
2
al With L

det C = ooz 2n 4 2

-cK3|]€.L>=ni.n21.
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¥} With T invariince

det G = [cos 22 + 1 ain o ain Zr] a-Eh

-:xsixL:-:imanmm.

INITARTTY CONDITIONS

1]  The unitsrdty propertiea of the § matrir or, sgquivalently the conssrvetion of probabilitiss,
wil! give the reiation between the akew Hermitian part of M7 and the transition amplitudes for

decay.
2] 'The trunsition mstrixz T 13 defined on the wasa shell from the 5 matrix by:

< rali = |l 4 () 8. (Pp - F,) < riTli »

whers F, snd F, are the onergy-momentum four vectors for the final and the Initiel atatea.

T i
da previously, wo call FP » an arbitrary phyaical state popurring in the decay of neutral

K meaons.

Wa intreducs |#{t) > a3 sn arbitrary mixturs of the twe basje atates |F°(t) > ana
Ii-{n{t} ¥ ow

The conaervation of the prebabilitdes, at & given time £, 12 simply writien &2 a4 com-
pennation betwesn the depreasing of the norw of ¢ apd the travaitisn prebebility of decay of

¥ into the atatas F.

d-i«; et p(t) > + Z | < Flolgp(t} » 1¥ = 0 {IT.12)
F

spine

Z - ffmp (2" 8ulpy - F)
F
i3

Here ﬂ-ﬂr ie the demaity of final state P, PF tha totgl energy womsntum of F, and I the indtial

enargy-nonantum.

3]  Rquation {IT.72) must hold for an arbitrary initisl state ¢{+t) and is then aquivalent to
a aet of four relations; one immedistely writea, uaing Ega. {I1.3) end (II.h):
LMy =75} = Z | < polx> * =T
F

1 Mas = L) Z | < BiTIE > I® = Ta

¥ (12.13)

1M -M2) = E < P|E|E »* < F|T|R > = Tya = Ty
r

i - M) = Z < FlTfE>" < PlT|R > = Py = D

F



Thess peletions show why the Hermitlan metrix I' iz ¢alled the deoay metrizr and they can be
Mreotly cbtained with the Weimakapf-Wigner Tormmellsm.

4}  The unitary conditions can be written in the physicel teais KS,KL uaing the tranalormation
C and Bq. (II.5). Por ¢(t) 1t 1z squivalent to uze an arbitrary mixture of Ksit]l apd K_L{t] apd
to apply, as prearviously, the consarvation of probabilities, We them obtain four sguationa

equivalent 4o (IT.91):
EONRELEES
F

100, -2 = 3 | <l > |7 s

F

ifMg - ) < KKy > = ‘}_‘ < P|7K, >* < P|T[E, »

(II.14)

i, - M4 < BLSIILL »m < .F[T|KE LI F[TlKL > .

<[ 71 =l

In opder o astiafy the two equations, w dafine the real perts and the imaginary parts of
H.S and EL as follows:

=

e i“'i"E . (I1.15}

The loat two squations, which &r% ocoplox oenjogate to each other, cén be trepsforwed into

[I' Tg+ Ty _1{HL_IE]:|<KL|KB>=Z<F]?]Hb*cFlTlmg:
7

(I1.16}

I:r_.i+ ifmg - "s}]{ AL =Z < FlrlEg »* < F[TIR, > .

P

Y The Selwarts ipequality gives an upper bound for the right-hend sida of equations (IL,16):

| Y < plalig > < slal > [ s[ 3 erltm > 120N e ol ]
F F i

Wa then obtain

[(h";'&)!*['l.““s]z legglag > IF srg Ty
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Bxperimentally:
T
FL = (1,56 £ 0.16) 107
|
ﬁ = [OLF * 0,02 .
8
It follows

|<x3|kaliﬁx1u‘*.

The ptates |X; > and st > are mearly orthogopal.
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CHAPTER IIT

ZHE VIOLATION OF FC IWVARLANCE

1} A 2r-moson etate haa e well-defined walue of FC aqual to BG = +1, IF PG 18 a Zood
ayzmetTy of weal Iintarastiona, tha lomg lifstime comporsmt ‘KL is identified with the eolgen-
atate of FG, K, snd then campot deany inte 2r,

2] The sxparimental cbasrvetion of the twe degayas:

ICL - ]&' - 7%7°
is svidence ageinat the conasrvation of PC in week deceys. Moraswvar, it is =+411 the onky

unaghbiguons avideose besauss of the axistense of A selection rals If PO invsrisnce bolds.

3} Tt is now converdent amd wsual to define the viplatiecn of FC In wesk interactions for
K+ 2 doogy in terma of two measursble ocomplex pATamoters

4+ =
T |T| >
n,_ = #‘— = [n,_| o - {IXz.1]
<ET [T!I{B »
< 7% |TiK =

< WGIGIT]KE >

a 'ﬁ'nu] Hhﬁﬂ . (IIX.2}

oo =

Baperimentally we hare infermation shout throe of thess quagiitiss, and ths last ope will

soon be arailablae:

+

(1.9 £ 0.06) 167

[=,_|

IT.In-:I = [ha9 £ 0,5) 0w

v, = B0 za0°.

Az a firat conoluaion the viclation of PC in K -+ 2r docay 18 small compared to the aeparate
violations of F and C in wesak intersctlions.

4] A complete snalysia of the K = 2 decay obn be done introducing s mew paramster conpacted
orily with the l[s somponent:

(< -]

n-HEgere) (II1.3)
I‘{KB T 7 )

It the |AT| = ¥, rule holds, R = ¥: up to phase space corvactions dus to the =20 mass,

difference. The experimental situation for R i3 not abaclutely clean (ses page 9)

B o= Oudsde7T £ 0045 .



2. INITARITY CONDITION

1}  Lat us pow study in soms dstail the wmtarity conddtion written in Eq. {IT.18) of the
Fravious chapter:

T, +T “
[_5_2..__5;, i':"‘x."“s}]”‘l“l.." .Z, < B|T|Ky »* < PlTfK > . (II1T.4)

F

The sum & coan be aplit into the various types of decay modes
F

NN e NN N
L iy is /s
P o2r I lept wad

2} For each particuler decay mede GC ¥, we have o Schwartz inequality

| E < FlT[kg »* < Pl7]K, > |z s I{Ky » &) T{ig + G)
G

giving an upper bound for [Z] .
1]

The mum ‘E ia obviously rern in & PG invariant theery where K. amd K, cannot decay in the
zams atate . Bach sum 13 & meeswe of the FU viclatdon in the corresponding E - G decay.

3) The first tem iz easlly atudied using ths definition of LI
previous section. We ailmply obtedn

and R &8 glven in the

oa

r{xg » 2r)

P+ R

[n, +Rn ] . (z1x,5)

Z < P[T|Rg »% < FiT[K, » =

-

4} The experimentsl deta for the 3v-mason dessy mode are the following:

T{E, + 30) T(K, + 3o
u&'—j Z 0.65 x 107 %y )

Te Ty

-

< 18 .

An ugpsr bound of E! iz obtodnad using the Sohwarts inequelity

Zlﬁe.éxw"'.
Tr

Detailed analysss of cherged and newtrsl K meson depay into theee plons have besh performed.
They dc not exhibit a stronz PG viclation and the JaX] = Vi mile eeams to ha astiafied.
Therefore 1t ia very unlikely that !j%rl ean rangh 1ta uppar bhound.

-
T

) For the semi-leptsnio desay mode the experimental brenching ratiocs ars the followlng:

r(g ; lept) . r{xB-_rr Llapt) .
-] 8
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The upper bound of Ilflp tl 88 daduced from the Solwarts ipaquality iz relatively important:

.

det
lapt

1

Tg

< 1

Caywful anslyses of Kl: decey for ohargwd and pputrsl K mesons have been perTormed in erder to
watimate the violstion of the PC invarispnoe and +o test the welidity of the &Y = 44 rula, In
both casea thera 18 na proof of wioletiom.

In the {ramewerk of TGP invardance, the AY = AQ rule gives the Following predictions:

T(K, + lept) = T{K; = dept) = T apt

Z < Flrhcs x* < F|T[K, > = ¢ KS]P:L > gt -

lept

In thia case the lzt contribution i3 very swall compared ta the lefi~hand zide of Eg. [IXIL.4).
ap
It ia then re=asoneble, o thias baala, to expact the 12 . gum to be very far f{rom ite
ap

uppsr bound.

It should be noted that the &Y = 47 rule in the fragework of TCP ipvariance gives another
wealful result. The zealar product < HSIKL * gan be directly cobtained measuring the asymmetry
in K {or 1{3} laptondc Ascay

Tk = w + 5 +u,) ~T(E, =7 + 27 ¢ F,)

I‘{KL+1T'+¢++v!}+I'{KL--fr++ £"+E£}

= p* - )" =< KglK =

A gosd deterwination of < I%IKL » necessitates, of course, very moourats ar¥parimepta and high
ztatistios.

By Tha X radlative decay mede has been recently obsarved end we have en upper limit for
the 7wy brancshing ratis. We deduce

I, » rad) »
—Sp— & x 10 .
L
Assuming a copparable resudt for I‘l[l‘s + rgd) -« nep-experimantally observed-- we obtain sa an
upper baund
= Z ' < 8% 107°
g

rad

which allews us to paglect Ed in the dlacuaslon of % .
ra

7} Sumerizing the discuasion of the experimental messurements of tha various dsoay oodes,

the nm%u&nba written &3
Z=Z+TTE.
R Fa )



& meaapnable estimate of ]'r! ia than
el < 107 .

BY e now azcume in the Foellowing of this section, that the f2r) contributions dominate the
unitarity relation {ITI,4L), Uaips Bq. {III.5) the scalar product < KHIKL » can ba determined
from the sxparigerial pessuremonts of Mo Moo, and R

I"I:](S_"‘ ) 2 [ M. * Bhso 4

Kl e — | Ty w {riLé)

whars

E{mL- 13}
S

a = fi, * 0. .
axp * O
Inserting the experimental information on |n, 1, |necl, end R, we deduce

|<KE|EL> l 24 =107,

9] Let us conaider the case of* TUF Invarience. As hes been explained in the previous ahapter,
the acalar prodquet < KBI EL » 1s real:

<]IS|1{L>

Equation [III,7) glves two relatigna:

ain 23 = & .

sineg, _ + T 8ip Qo
tg & = = (1I1.7)}

COR q}*__ + T poad oo

A o= —= [ma¢+_+rwa%u] {IT1.&)
i+ R
where
5w oare tg A r= R [ 222 |
.
3 A I ¥ & 1,1 2 0,22,
axp e &

Experimentally R, n,__, and |rse| have been owmsured, Egquation (III.7) gives & prediction for
the phase $ge in the frameswork of TCF invearlancs, and & diveot expsrimantal mpaasgrement of §oe
iz then highly orwoial. Bguatien (III.7) has twe solutlona:

#81Y L & + are ain E ain {5 - ¢+_J:I

{I11.9)

?g:lﬂ,+a-mm[$.m{s-q>+_:r].



Insarting the srparimentsl numhsrs with theiv laraga serors:
- 250 5 b 5 4300
1240 s 983} < g7
The paremster L ia then obteined using Eg, [ITTA}:
0,88 « 1067 < 30} 4 2.8 % 107
046 % 107 <3000 £ 0.25 w107,

A graphical aolution of Egs, (IIT.7) and (IIT,B) 4x given in Pig. 8. The angle ¢,_ is taken
an 0% und the angle & as 44°.

Bevausa of the large wmoartainties on 9,_and 7, it 1a poasible to obtaln approxcimate
solutions of Bga. (IIX.9), replacing v by wnity:

q:g:s} = 20 - ¢+_

III.1¢
{2} oy ( )
pda’ =g, .

18) ¥o oan study, in &n identicsl way, the implications of time reverss]l invaviancs, Jdm haa
been sopleined in the previous ohapter, the soalar product < Kslxl. > is pnow purely imsginary:

< KB > misin2e cos A=2ia,
Bouation (IIL.G) gires again two relationa

sine,  + 7T oln e
~otg 5 = (111,11}
ooz g+ T 0ol fap

l

1+R

|n

-

x = jain p, _+ 7 sin Poal . {II1X.12)

The two nolutdons of Bg. {III.11) are given by

q,ﬁ:,:' =%+ 5 + are m&:l|:-1; coa (& -"P+_J]
{ITI.153)

vgau}nﬂ+$-arums[1;ms {3 -Jp+_]:| -

Insarting the sxperimental nimbera with thelr srrors thw two solutiona canngt be ssparated,
and wa obiain

=201% £ pag & =M .
The persmeber ¢ is then satimated using Eq. {IIT,12):

0.6 x 0™ L a5 1,96 » 1072,
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3.

4 graphioal solutien of Bqs. (II1.10) and (TIT.11) iz given in Pig., 9. The angis 7, ia
talen as 80° and tha angle & aa L4°.

Fer the sspe reasons am given previously, we replage 7 by unlty to cbtain & gand
spproxination of Eq. (III.13):

151}'-23-#-@*_

¢£:] . e, (III.14)

11} In Figa, 10 and 11 we have reprsaented the varietion of fog and Qay - p,_ a8 & Function
of o _for & = 44" and v = 1,1 2 0,22, The vormection betwesn L = TOP invariance and time
reveraal invariancs is glven by

{Z) | (®) _=x

? -% 5.

The approximate aclutions [Eqs., {III,10) and (IIT.14)}] correspond to straight lines.

¥ith the present mocuracy of sxpariments, the polutions :‘,5:} obtainad in the frmmework of
TCF inveriance 1de in the rapge of wvaluss predicted by time reveraal iovariapps. More
ganerally, from Bge. (III.10) and (III.14) the molutlons 1!;[:} daduoed with TLP invariance
and T imvariance almost oolnsida. If, experimentally, §,. is close to & + ¢,_ it will not be
poasible te reach apy eonclusion and to chooze betwesn these two discrets aymeetries,

LEOTOFIC SPIN ANALYSIS

1) A 2v-mason state of angular momentum J = 0 ¢spn only heve a total laoteple spin 1 = 4
and I = 2 begauge of the generalized Pawll prineiple. We then introduce four emplitwdes to
deapribe tha deeay of meutral K mezona inte 2o

<olTixg >, < 2Arlrg s, colmlx s, < 2miE >,

wher® the finel state is charecterized by ita iactepio spin. If the |4'ﬁ[ n }": rila holds,
anly the final atate with I = O can be resched at firast ordar,

It in then convenient to defirw, as usual, three complex parameters:

4 DFTIKL =
e q:p|m[1-:3 »

< Z|TiE, >
L
5 1:-|T}r:3 >

{III.15}

< 2|Ti% >
< I:)[T|R‘$ »

o -

The quantities ¢ and €' /v measwre the viglation of PC inverience. The ratic £'/¢ and the
quantity & measure the vieoletien of the InTI = ¥z rule in l&l and. KE dagaya.
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2)  Uslng the Clebsch-Gordan coefficlents to projsot the physicel states ¥ 7~ and =°%° on
the sigenstates of imotepic epin I = 0 and I = 2, 4t i» easy to expreas B,_s Moo, and B in

torma of £, £, snd w,

€+-1"*€’
2
f =
L 1+Lm
/2
£ = 2 &
e = l:]'_'l'_I.'IS}
1 =428
z
1-&&!
R =l r— '
2 I+LN
42

The experimental determination of T, s Moo, amd R glvea five real numbars, This 1s net
suf'ficient in order to know the thres complex parawestars €, €7, and v, Fron the systam of
Kq, [(TIT.16) we oan only obtain a coo-parameter aet of solutions. Supplementsary assumwptiona
ara pesded to ix the rémedning frve paramster as, for instanws, the sxistenoes of discrete
syametricg.

3] The guantity o massures tha violation of the |AF[z ¥, rule in E, =+ 2 decay, Defining
P o= -fiﬁ, the equation

1-1@&!

p: ebeietidel—
1+1—u

42

is earily resclved, In the complex plane of & and for e flxed value of 2, w 1a located on a
cirals

o = —s@-— j2 + 0% - 3 e'i"-:} . (III 17}
4=
The axrpsrimsptal valos of p ia
pam = 9,97 .z 0.045 {III.18}

and the allowwd velusa of @ are ahewn in Fig, 12,

4)  Thy tranaition fron & E-mamon atate to a 2v-meson stete of Lotal isotonrde apin T = 2 ean
cocur with a change in isotopic apin |81] = % or |£1] = %. In seneral thers is no relation
betwesn the emplitudes < 2|T|E* » and < 2|T/E >, and the experimentsl data on K = '%°
parnt halp the pressaot analyalas.
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In order {0 obiain information shout the phasa parmmeter £ introducsd in Eq, {IIT.17), wa
have to mwakd & new sasumption, Experimental data on noo-leptondo decay {exeept the patholagic
casa of K, + & decay) are in agreement with the prediotion of tha || = ¥ rule with & gooa
apcurany, It is penerally hellewsd that such an azresment is not the result of accidantal
cancallations in each partisuler situation, but is dus to the dominance of the |21 = %
trangliticns with reapect to the othsr posaible opnes. If aush e polnt of view 48 valid for
Kg = 27 dsosy, tha order of magnitude of the < 2|T|X" > amplituds is given by the K = a'x
width and found %0 ba rory small with respect to the < O|T|E® > amplitude. It is the reason
why il the preasnt analyala of neutral K-mason AR0AY AXKidbS

la]¥ <2 1,
or in the § languaga

o oee 1,

As an illustration of the previons sonaidsraticna, a quantitative spproach glving |mﬂ|= and
& can be developed sssuping that the amplitudes < 2|T|K > and < 2JT|K° > are both dominated
br a [.ﬂ-ﬂ = # transition. We use the TGP relation for the matrix slemsnt < 2|T|i“‘ > and an
approximate PC invariance for Kg {p x q > 14/2) and wa obtain

(K, + ")

Jol? :% x (1,95 ¢ 0.05) 1077 . {1IL.19)
8
&n the other haud Eq. (IIT,4%) gives
4 sin® i._“";ﬂf_[.lﬂ:- l—'—E-)E]_ fIXr.20}
2 s{2:09)0 2 2+p

Tha madunlua |n.-| iy fiyad by BEq. (LLI,19) and we hawvs a secopd circie in the oomplex plane of
wa The previous asatmption is phyaically asceptalile if and only 1f the twe cirales intersect
or, esquivalsntly, &f a4’ [£/2) & 0. EBguation (TTL.20) requires

2
[a)® & z(-;—:-ﬁ .

Using the evalustion (IIT.19) of [«|¥ we deduce
g 0.H

which is wnalstent with the experimentel data quoted in Eg. (IIL.18].

The angla £ turns out to be very small; using Bes. (IIT.18), (IIL19), and (III.20), w:
obtain &n upper ldmit for £7:

& L1070 .

The phass of w, ¢ , oan alsc, in prinaiple, be calculated from Bgs. (IIT.47} and {IIX.20}:
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Unfortunetely, becauss of the lavge sxperlmentel uncertaloty on 2, ¥, iz comalmtant with s11
the valuea batweon - 7/2 and /2,

5) Bguations (IIT.16} and (III.18) allow a ooa-parametsr determination of ¢ and €°:

E3

£ = l+-1.o [[z - o Kz, + (2a7K - p]'.omw]

{IIL.21}
£ = —‘E— [{2 -p a‘ﬁ}n+_ - [En-ié - F]Fﬂnu]

-t

If', now, ths porameter &£ is vary smsll (2a disoussed in the previcus section] the guantitias
€, ', and Be & are ssoentially independent of £ and we obtain, instead of Bg, {ITL.2%},
more Aimpls eXprassions:

1_
3 i e {E‘I_'__ + ﬂﬂun}

R L (r11.22)

g+

Rﬂm-—-‘é—[i—,#}.

Tha { Repemdsncs iz sxhibited oply in Im o

hu:ﬂif.

—

§) Let us pow atudy the problem of the [4F] = ¥ rule in K, + 21 deony in & way independent
of any sasunption about . Using Ega. (III.15) spd [TTI.16) wa obtain:

*_— £
A AR PN B BT Cr -
r{ uﬂ}=i | Tz e | <39 - {II1.23}
*aw Top 1 = — =
% e
We theo have to resolye ths squation
1+J-2§
T o= _E 4
1-1;"5?-

Again in the complex plans »f £/, Por a fixed vyelum of ¢, £/¢7 in located on a olrslse:
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?E,-.Aﬁ—[}u.i*-z-uﬂ] . {III.24)

The expariwental value of ¢ 12 (o = pfri:

? oxp & 0,856 + 0.13 . (ITI,.25}

The valus v = 2 predicted by the |AT| = i ruiw is axeluded by the presant experiments, As
a trivial consequence €' ocamot ba zera,
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CHAFTER IV

1. INR TGP INVARTARCE

1) In ordsr to study the implications of Jingrwte sysnetrjes suck as TGP, T or PG, it ia
convenient to work in the KE° basis and to define four amplitudas:

< o|P|R®> , <colpR®>, <2|T|E®x, < z/TIE°:.
e thean bave the obvipus relatiens
< 17ix, » = p < ITE" > - g < 2|P[E" >

< I|TI]IE=- = IITJK“: + &% I[T|I-(°> .

2]  The sonetrmints dus to PO inverience are =imply obtained by observing that a v -meson

atate in an wlgenatate of FC with FC = +1. With the pbaze saguaption mede in Chapder IT
wa hore

< I|Tk® > - < IfT[E® > =
or, sgulvelently
< IfMEi> =0

< vl > = 2 < TIT|K° 5 .

5) The L = TGP dnvariancs implies a recdproglty relatlon
<rm1s =« iLITlfL >, (I¥.1)

The stetes |i > and liL > are omewparticle atates, and Bg. (IV.1) ia useful if and only if
T posasgass Roks propartisa,

In ordar ty tale ints acsount the atrong interactions oocurring in the final atete, wm
oust Adetingalsh outgolng and ingning states, From the S-metrix definitlen

= a [ ] n N
cinls ‘aut. * sli.n} iuut>
Bouatipn (I¥.1) must be written as
SR E TR T E M (1v.2)

For the one—partisls atatea fi > and I:I'L > thera is ne difference betweaen ingelng wd
outgeing Atatos

g > = It ey v =3y >,

and Bg. (IV.2) ip simply written as

< fulrtli » = f‘L in[il. e (Iv.3)



In order to izterpret the right-hand side of Bg. (IV.3)} aa o decay amplitude we must reletw
the otatea < £ in] and < £, wtl. To do that, we must remesber that the decay amplitudes
ws are ponsidering can he evaluatsd at firat order in weak interactions and we obiain a
factorization of Bq. {IV.3} following

"“fuutli:"'cfI.uutliL}.<fLuutIrLinﬁ' {Iv.4)

The axtre Taotor « fL mrt‘ fL in > dmaoribes the finel-stete interaction and is the S-matrix

alemant Tar the transition fL - fL. In our ORAA ]:r > 1a & Zr-aeson atats and we Introduns tha
phazs ahift EI for v-r agattardng in an Z-state at the snergy of the K-meson mass, tha total
lactopie apln beling I

2Lk
< I“utiI »=e  1;

The statea |K° > apd |K® » are axchanged in & TCP oparation
WP K > = (R ; TCP|K® » = [K7 > .

Equation {IV..) tekes two equivalent forms

215
<I|T[KTs =6 L < IIT|RC »*

16 i3 ov-5)
o Lor|T|K®> m e F<I|T|E">]e

It 1a thep coenysniant to define Tour reduced ceplitudes:
i a e-i&‘t-’. I|TE® -
11 = ;-!.51 < I|T|E® > t=0.2
The TCE invarisncs aopdition {IV.5) is then aimply written as:
1_[ = At . {Iv.6)
4}  In the framewprk of the TCP invariance, the transfermetion C has besn written ga:

p:r:éfnual-l- sin %}

g & == (com & - ain 1) o
V2

The reducad awlitudes A, end ‘II ars related by By, (IV.&). TWe dsfine twoe parameters #; and
#: for the PC wviclatiom:

-1 a9
TSI TR TS Y
iy the sum
ﬂInﬁl'I+n

1s messurable, and the computatlen of £, £7, and & is streightforward
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ain 2 + 1 coa Zh sdn My

¥y =
1 + oo 2% oan 2y

sin 2\ ooa (@2 - Bp) + 1 [adn {64 - o) + ooa 2\ sin {8 + 8,)]
! =

{ + too Bk oo3 26 Az

i l EE[E- - &)

oof (fy - Ga) + o8 P con [y + Pt + 5 88n 2k ain (@ - &) | Ay

Ao

v = Jilbs - 8o)

1 4+ cos 2% aooa 20,

(Te.7)
The threa sogplex quantitiss £, £', and » ave given in tsrma of five resl parsmetsra:

.""! ﬁl! h: |%:’l, 5:-3;.

The TCE inrarjancs impliea ona relation between €, ', and . Io otder to expladn such a
relation it i2 comvenlent to ume the ratio £ /e very similar to £

<2|P|E > edn B+ i cos Zh #in 34,
o 2R . (v.8)
o 12|T|13:- 1 + goa 2k cos 2y
The compatibility relation la theh sasily osbtainsd as:
%<Ks|&,,%mﬂ=_xar_,m_%{“_. (Iv.9)
R R
and the other two parametsars of PC vislatlon sre glven by
tag B = =B E {I¥,10)
1 - |el*

1
tan 28y = 2 (€ /) (I¥,11)

R

Eelation {1V.8) determines the parameter £ introduced in Chapter ITI sa a funetion of
the expardmental quentitics R, _s Moo,y apnd B, Tn a TCF inveriant situation the problem ia
then completely determiped, and as a cchaeguence the quantliy o cam be cbtained from
pautral K-meacn decoy only without any rafsrenaos to K+-me=un deoay.

In fact the only test of TCP im the axivtence on a raal angle £ such that the compatibl-
11ty relatien {IV.9) is satisfisl. We will aes later that thia problem hes slwsys two
solutions.,

The ratis & 1a & lipnsar ¢ombivatieon of Rem and Npo« 1t follewn that Ee € and Im € are
both of the order 10~ . We then have

lel® << 1
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and a first order caleulatdon in & apd @ 43 obvicusly sufficient
Exho+ 1#g . {T¥.12)

Egmation (IV.9) and (IV.10) are then aimplified imte

A< iag - BRELM (zv.13)
1+ 15

ﬂ¢ = I.I.'E - {I‘I’-"I}]

5} Tha 2r comtributions to the unitary condition (ITI.5) can bs sxpressed in terms of €,
€', and w using the jdentity

ﬂ'+_+R"ilnu Erc’ &
- . {IV.15J
1+ R 1+ |wl®

If the unditarity relation is saturated by the 27 contributions--as expested fon & previous
dinguasion=-~we cno write 8g. (II1I.6) =a

.
A(1 + 14) = 2522 (I¥.16)
i+ |w|‘

and the real part of this aquation gives 2 aww sxpraasion for A

P
Ra-r:-rl_!'ele i . (I¥.17)

1+ |uf®

Gn the other band, we have obtained A = Re € in Bg. (I¥.12) &nd, as a consequence of the
unitartty conddtion we dsduos a aecond compatibility melatlon

A=hs¢ = Ree'fu . {Tv.18)
Equations (IV.13) and {TV.18) agres if and only if
£
o

& if the PC viclation angle #3 15 alsa amall

) w t o, {IV.19)

o Le 1

but not necssserily of the fnme order of magnitude as A and &y .

e now sesums, in the following, the copnditlon (IV.12) to be satiafied. Hquation (IV.17)
basomes 4 conssquenge of +the competibllity relation (IV.18}, but we & not ume the imeginary
part of the umitarity relatlon for the moment. The sxpreazlons of ¢' and & reduce to

RICHER N

e x (v dd) B
{h fTo,20)
il RICAEE A I
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From Eqs. (IV.15) apd {IV.18) the ocompatibility condition takes the very simnts form

L)

#,_+* R N

-
Bs ¢ ':"n'_"l_-kT_' {(Iv.21)

Wo intreduce the solution (IIT.18) for €, and the squetion Astarmindng ¢ 45 4 function of

i"-’+_, Moo, and R in

Be {n,_ - Moo} coa § + Im (7,_ - Moo} 8ini = —3’—. Re (9, ~ Mae) . (Iv.22)
24+ p

It 1a converdent to define ap auxiliary parzweter ¥ measurabla sxperimsntally
2 = arg (n__ - 2en) .

Az an equetion in £, the eompatibility relation (IV,.32) hes alwsys two solutions besauss of
the experimantsal vneguality 4 £ 1. We ismedistely obtain

£ o b+ aro cos| = aoa 'IJ] (i¥.23)
2+ ot

whers we have chosen for arc ood [[30/{2+ /)] vos #] the determiration cloas to #. In the
axtraps sasy 0 = 1, tha splutionn (IV.23) reduss ta

em; -0,
Phe physisal situation 18 0.9 £ 2 £ 1, and the solution £ remains always small and the
solution {* lies eround 2%.
In Pl 13 wo have raprescntald J.‘* and £~ as a function of §. We notioe the following
aymmetry propertlos
£ + ) = (%)
Em o+ 2) = 2w 4+ £7(8)

§{-2) = &(H)
L A S

To tha {woe values E+ and £ correspond twn aets of solutiona For ¢, €', and w. It is sasy to
prove the interesting ralation indepapdent of &:

=
w+ﬁ1--=2—'—Li' +
iy - p*

Tha phases of W oand o are oppoaits, If we havs pome information sbout the sigm of 5y - g
it 15 then podalble to chovae hetwman o and #”. In the coxplex plane of & the sltuation 1a
deserdbad in Pig, 14.

&) I the or contributiona saturats the imagivary part of the unitarity relation, ths phasas
of n__ apd 7go are not indopendent and aatisfy the relaticns (III.19).
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The argument ¥ bacomes £ Tunetion of LA The knowledge of fri+_] » [nngf, H,amd P, _ is
now sufficiant to solve the problem. In tha Mranewark of TCP invarianoce we obfain four
sclutions, two sssociated to &' and called large w aolutiona, and two associsted to & and
cAlled small o aslutisna. Tabla 7 giver the mmerlcal results for:

Bmoub?, In,_| = 1,98 %107, lneol = kg x 107, ¥, = BO" .

Table

L ag*
Foo 12 - 103"
107 % 1.7 - 011
167 8, 1.5 3.1 - 0.2 8
107 & 22 - 1.4 119 - 1k
’ﬁ-l 0.10 0.66 0.027 2,55
g = Sg 3 - 7F - 12 19
10" |¢| 2.3 3.5 0.23 8
L. &1 61° - 1200 9i°
10 e 2.3 1.5 3.2 3.5
Py 1587 - 13 i - B2

omell {w| lorgs |wl amall |w] large |«

Selution I Solution IT

The constraints {IIL.9) between the phases of n__ and oo imply a relation batwean the
reat parametars of this TCF inverisnt anslysis. Such a relation expresses the PO vigplating
poremetor of the trapefermation matrix A in torms of the twe other PO [or T] viclating
phases &, ood &7. Using Bge. {TV.12)}, {IV.1E} and {IV.20) we seelly obtaln

lﬂ
'&u +'ﬂ'|_ b‘
A =

!I,'
Ay

’
1+

and we have ooly two independsnt parameters for tha FC riclation ssscrcisted to the lsotopis
spin states T = Q and I = 2.
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TIKE REVERZAL THVARTANCE

1) If the TCP iyvarisnes i boeken we have, 4o an slternative, the posaibility of a time
raversal jnvariance. We now parform ths analysis of A& neutrsl K-msaon decay under auch =n
ageunption. Tha method of ecaloulatlen is jdentical, and wa given only the rasnlta.

2}  ¥s first write the reciprecity reletion
< f|T|z > =« ;|T|‘.'L'|fIT ., {Iv.2y)

and wa introduce the final-state ip%erwction as in Section 1 of thls chapter. We obtnin

Ha I
<I|T|K > = 8 E < IfD|E® a®
{Iv.25}
215
<IT/R*> = 6 ¥ < I|T|R® »*

Az 13 well knewn, tha reduced amplitudes JlI and II ars rgal. The PC violation is exhiblted In
the faot that Ay i &) .

3} Wa follow the phase Assumptiona of Chapter II wharpe p is real apd q aauplex
|2, > = pl&®> - qR® >
|]';B *m qu': + p[xi} .

The parsasters £ and €' /0 are givem by

¢ Tpip (1v.26)
okt v (zv.21)

We hava 4 compatibility oonditdon due to time reversal invariance

Ef
Inm g Il:-

1
S >z — g - - - . Iv.28)
- KglKy Zipiq 9) ek 1*I%|_' (

Equatien (IV,28) determines the parameter { of Chapter IiI aa @ fumctlon of 7 _, Mao,and R.
Again, in the frapowerk of time reverasl inverdience §, €', and » ocan be computed from neutrul
E-meson sxperimenta.

A firat order calewrlation with respsct to the FG violation paramsters is sufficlent for
€, and By, {TV.28) ean be almplified into

1 In &
FEE"].}""IWI- T {N-EE}
2 1+ -E-l'

L) Too imaginary part of tha unitarity relation ila saturated by the Zr sontributions if' and
only if

3l PP (Iv.30)

ar
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Ueing new Eqr (IV.15) we finally cbtain e very simpls form for the compatibility relaticn

"T+_ *+ R ngg
In € = In . {I7.31)
i+ R

The squation determining { as a fupotion of ®,_, fuo, ond B 1

Iz {n+_ - Teo ) ocoa £ - Ra {r,r+_ - fige ) ain £ - {?I+_ ~ Tag) {Iv.32)

2+ p°

With the aurllisry parsmetar € defined in the previcus saction, the twn soluticns of Eg. (IV.32)
can e writtapn as

LY
il

+ T+ % + are sin —-Lunﬁ]
2w

{1v.33)
£ =4 - aro sin —:'P—-sin'i]

2+ 2
whara we hatve chosan, far are ain (3572 +p%}] sin &) tha Aatermination cloas to ¢,

In the sxtress cass ¢ = 1, solutions {IV.33) reduce %o

E+=-rr+21'; € =0,

Tha physical situation 1a 0.991 X 2 & 1, and the sclutlon £~ ramains always amall and the
solution € lies arouwsd T + 24,

In Pig., 15 wa hava reprasented E+ and £ as a funotlon of ¥. Wa notica the following
aymaetiy propertlsa
E{r + ) =g (8
o+ #) (8} » x

£(- 8 =-¢&(#)
-2 =oam-T() .
Ap in the previcus caas the phasss of w and w, for & givsn value of £, are oppoaite.

In gepsral the predietions of time reversal invariancs ard those of L = TCF inwariance
are oonnestad by the follawing relatlons:

ay _ @

P -7

ML

g™ =g 6
6@ = u i) (V. 34)
E.I.{vpm} -1 €L(¢{I')J

r.j.wml = % E},WU‘]}



- &1 -

5}  Wa perform the oaleulsatlon of €, £, and w gt firat order with respeet to the PC violating
peranatars

A +L (I“-}5}

sde t B i(8e - 3a)

+
"] ———

A o+ Lo

Tp a firat grier eslovlation the deviationm of pf|q[ Bnd II'}AI from wity are not geparated.
Lat us define

-5
aIIlI—_'_g-i-?»; I=nQ,2 {Iv.38)
ang wa cbtaip for ¢, £, and & the Following ezpreszlone

€ Fay +1¢c

4
%=m+1u

H.zirgﬁaﬂh-ﬁﬂ. (1v.37)

If the 2r contributdona seturate the resl pert of the undtardty conditlon, the phessa of L
&4 poe 2etisTy one of the equalitias (IIT.13). In the fremewark of time reveraal inveriepce
me gbtain four aclutions. Table & glvea the numericsal results for

R o= 0447 , |q+_i =1.98 x 107, |ueel =49 %107, @ _=é&0° .,

The oeretraints {I1I.13) betwesn the phases of i, and oy imply A relation batwean tha real
parametsars of this time reversal invarignt &nhalvaisz. Such = relstion expressea the only
pogaurable P vielating paramator ¢ of £he trapsformation matrdy in terms of the twe other
EC violnting perametars a; and B;. Using Eq. (IV.37)we oasily daduce

Ry A 1 él:_!i. =
. th o — A |
re Sk
Y
Relatiens {IV,54} take now the form
a(e{™) - - Al
nI{?{T]} = ﬂI{?(L}} I 0,2

(asgt) 6™ - | o)

{8a - auJL{?(L]] -

(6a - sadple!™)

Kew saloudlatlons are oot needed te obtadn the wardation of theas paramaters with respest 4o ¢ ot
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P 8irF

fon = 9.

107 & 1,32 - 0.15

10° & ~ 1.8 5.06 - 0.38 14

107 ng 91,4 = 240 19.36 = T+B

i:—% 0028 2,42 D166 0.442

By = 8o 21° - 21 T -7

107 || 1.68 5.e2 0.5 1.48

L - 2" 15° - 1597 - &®

10° e | 2.58 6.6k a2l 3,12

Vs 22° 1%° i 1042

awall [w] large |ol amall |ul larga |w|

Soluticn I Solution IT
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AFFENDIX &

SO0ME PROPERTIRES [F TEE 2w AND 57 FINAL 3TATRI
FROM TEE DEGAY OF A KA

1. og'r ) = (r¥)

Changing the sign of the plom is equivalant to a paflection with sespect o the cenlze of
CAZE, A0

a's ) B{a'r ) af{-10Fm 4,

vhere { 1s the relative dngular momentum of ome plon with respeat to the other (l = keon apln = o).
Bafore 1957, K was definsd as the eigenstate of G = 1, KF = (1A « ¢ ), while

E} = (1AfZ)(E® - ¢ E°), The weak intsractions ware suppossd to conssrve ©, and K was identifisd
with the short-lived eomponent dagaying to two piona, while the K: conld not decay to this atata
whish is the moat favoured from the polet of vlow of phase-space woluma.

2, DParity of threa-picm gtates
T Call I tha relative angular momentum of the diplon syatem
(¢ %} relative to #°, and ¢ the relative angular momentum
£ of ons of the charged pions relative to the othars,

In the rest syatam af the kacm, the thres oDomenta sre
.," ooplanar and the enguler aceenta are all parellel, per—
perdicuilar to ths plans, and indspendsnt of & translsatdion
of the reforence syetom. The total orbital momentum in the
keon reet ayatem 12 thus L + £, The parlty is
(<1313 * Y 0 _ 4 minoe £+1L = Q. This was the besls of
the #-7 puzzle, sinee the Z¥ system has P = +1, the 3r
systom kasg F = =1, and the decay of the chareed kaon into thess two chanmwsls waas cbasgyved.

5. glotwe®) o {13t

¢ interchapges the positions of the two charged piops and 1z thue equivelsnt to the parity
cperation in the dipion aystam. The sigevwvalue is dependent upom the angular momentum of the three
pione. It does not have a well-dafined C-parity. Howaver, becauwss of gsnirdiFfugal barriers, one
can expest ¢ = 0 to be favoursd. Ino this gase G = +1, Az forr the two-pion ayatem, The cbaservation
in 1958, by loderman end oo—workers, of the abundant dsoay mode w 7 ¥° for the loag-lived component wes
thes 2 further indisation of C-violaztion in the decsay.

h, Po(r's )= ()
PC i3 eguivalent to changing the cherge snd apeoe acordinates of the pion=, GSipoe they obay
Bose statlation, PU = +1 independenmtly of the anguler momenium ahates,

5. Pol{o®r®Y w 2%2°




6. Polraw) e (-1 (25 w)

We have seen that P{# ¢ &) = -1, C interchanges n and T and is ednivalent 0 a parity
operation in this systam, thus resulting in & factor (=1)%,

1.  Eome velationa belween the f-perity and the G-parity of plon systiems:

C(ft} ] i;
e{s) =0 .
The chargsd atates are not eigenatatae of O.

Comsider the wagtor isvapin spasa subtended by wy T; 73 wheare the phyales]l atateaz ara
defined by

Applying C givas

¥ m 0¥ .
=] &

iaT,

A rotation of 150% ercund the y—ade, ~ to the operation = on the isoapin wave Dunatlon sirea

o _
R L G

' 2

JE +

aiﬂ’r _.-il-i-rl__‘,

iy o,
o
in1:
In cther worda, all the cherged and non-chavgad plom atates ave aigapatates of G =0 o
wilth the eigenvalue -1. In &ll interactlons comserving iscapin and charge conjugation, the
G-parity la a pood quantued norboey. It it a mylitiplicative guantae number. The G-parity of
n plong ta [-1)0,

8., C-parity of thres plong in a meutral global

state an a funotion of the total facapln

Sines the ochargs of the aystem iz zero, the isospin veoator lies in the x-y plene., & rote-
tion aroumd Is can e replased by a rotation arcund eny wector io thet plans, for instance I:
1nT;  iaT
€ o e .« 3inge G = =1 we have

Tha theee-pion syatem with Zero ocbares can be in statas of isospin values O, 1, 2, ,:“

[ E L
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APFENDIE B

Tables fros Trilling's
report RL-16473, 1965,

Table 1
H+ rataz
Eoda Eranohing ratio Rate [sec™') Remaris

411 modes (8.045 * 0.027) x 107

Efwp v b) B3.5 ¢ 0.7% (5.11 & 0.06) w107
et ™ 21.6 = 0,68 {1.7% % 0.05) x 107
K ae 42 400 L4 & 0,258 (3.6 = 0,20) = 10°
e+ p 3,47 £ 0.35% (2.55 =+ 0,28) x 10
E ag vg s 5,55 & 0,119 {4.50 = 0,09) x 10°
AR ) 1.68 + 0.06% {1.35 *0.05) x 10°
Eoeg’ sud ~ b %A ~ 1,3 x 107
K ws +7 s +uv 8) (3.6 * 0.8) x 107" |({2.9 0.8 x10°
AP AR L a) (7.7 ¢ 5.2} x107% |(6.2 & 4.2) x 10°

A L a) (2.2 £0.7) x10™" j{1.8 x0,8) x10'|s5 NeV < T 4 < 80 NeV
K e am co +r ™ |10 200) w107 [(B.0 23.2) <107 E_» 10 MeV

+ + - - - 3} - E
E+-!r++rr++a-+v ] ¢ B :-:10_5 < 1,6 x 10 ] AS/M) = -1 tranaitd
E-u-‘l'+'|'l+;.|:+}'ua <3 w10 2.4 x 10°

+ + + -8 - s
E+ -+ nr+ + e+ + e_ o 1.1 x 'I'I:I-.I <08 %« 10 } Involves neutrel
K =% +4 +p <3 x 10 < 2. x 108 lepton currenta

a)] See text for discussiem.

L)
o)

d)

f)

felculatad from 1 - sum {other branching ratics).

Impnt data on branching

ratla:

L7 2 0,3 (Ref. 5)
5.0 % 0,5% (Ref, i)
Valuss measypred pelative to the T mode havs bawn renormalized to the 7 rate gquoted In the

tabla.

Input dats:

Tnput data:

Input data:

3.0
3.5z
2.82

5.5
5.71
5,10
8.7
5,2
1.8
1.5
1.7

o T

I+

" 1+

1

(L JNL )

-

5.12
Lo 2

1+

0.5% (Ref, 5)
0.20% {Rof. 62)
0,19% {Raf. 15)

0.368 (Ref. 14}
0.24% (Baf. 15)

0.12¢ (Ref. 17}
D.15% [Ref. 18)
0,28 (Ref. 5)
0.3 {Ref. L)
0.3% [Ref. %9)

0,28 (Raf. 5}
0.2% (Hef. 19)
0.25 (Ref. L}

1,71 = 0.07% {Rat*. 20),

HOTE: The ruferwnie number worresponds to Trilling's sartigle.



a)

b}

o)
d}
a)

£)

g}

h)

1)

- & -

Table 2
Input data for EF rate detarminations
Tyota = (1.85 £ 0.18 ) x 107 geo™" *)
r - £1.47 £ 0.18) x 107 sec ' b}
r, = f0.81 % 0.10) x 107 san”™" o]
r,+T, = (0.9 * 0,43 x 107 seo~ &
T'Ifdu] e {0,258 * 0,085) = 107 aec o)
r_{000) * (0.53 £ 0.09) x 107 ase™" T
: )
r“jTH = .70 * 0.05
T {+=0)
r L = nl1.52 1 Dim.E h]
¢hargnd
r_{oon)
— = 0.25 0,06 4
charged )
Input date on mean life: (5.3 =+ 0.6} x 10™" zec {Ref. 23)

(6.1

Ref. 22 wlith sorraation dpe to the

Ref. 25,

Ref. 21.

Input data: (1.4 =
{3.26 =
f2.57 =

Bef. 27.

Input data: 0.73 &

0.81 &
0.8%
0,680 =
Input data: 0,157 ¢
0.1%1 &
0,45 *
Q.159 =
Ok X
0.178 ¢
Input deta: 0.2 &
0.25 £

1:5] x 107"

sag (Hef'. 2)

mew value of the X5 wean life.

.} x 10* B {Raf'. 21)
0.77) % 10° sao” ' [Ref. 26}

0,30}

0.15 (Rer. 2B)
0.19 (Ber. 23)
0.18 (Ref. 30)
0,053 {Ref, 65).

0,03 (Ref, 28)
002 {pef. 29}

0.03%

0.0y, (Refs 30)

0.015 {Ref, M)}
0.006 (Bef. 32)
0.017 (Ref, 33).

0.08 (Ref. 3]
0,08 (Rer. 35).

x 10% sae ' [Ref. 27),

UCRL-16473
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Table 3
li" raten
Mods Branching ratic Rate [zso " ) Cokments
3 K modes o} {1,155 * 0,019} » 10'°
Ko+ o+ 5 k) 0.2 t 2.7% {0.357 = 0,025) = 10"°
K gt ea P §9.1 & 2.7% (0.7 = 0,025) x 10°°
ALl K modes © (19,9 = 1.0} =x 10°
A
Koagisetay 3.4+ 1.4% (7.84 % 064} x 10°
" < o) Hermelixad ac
B wg” 4 pt ey 2.6 1. (5.30 = 0,38] =x 1d* )thattntul
. _ o q} . tranching ratls
Toa =% +7 +7 11.8 "+ 0.9 (2.3% % 0.43) = 10 M&@aamdﬂa
a 1)
| - N e} £3.2 t .06 {a.60 % 0.50) x 1¢f
Kgr..-p++n"+~rd:| < 0.3 < how 100
Boer +0 e) (1.50 ¢ 0,42 » 107 | (3,15 £ 0,17} = 10 CF violating
AN
Ks - a+ * 9- f} < ‘|ﬁ_‘ o B ow '“:IJ ig:::la: mut::l
[~ R
K+ 2 8 < 107 <2 x 10"
a} Input data on lifetimes: (0.20 % 0.05) x 10" sec (Ref. 38)
{0,945 * 0,05} x 107" sso (Ref. 36)
{0.585 ¢ 0.025) x 10" aso {Eaf. 36)
{(0.85 % 0.04) x 10" sec {Ref. 36)
(0,87 2 0,05) = 40 ° ase (Bef. 36)
(0.86 2 0.04) = 107" szeo (Ref. 36)
(0.848 = 0.014) x 107" aeo (Ref. 21).

33.5 &+ 1.4% (Raf', 6E)
8.8 = 2.1% (Ref, 7}
2%.0 * 2. L% {Ref. 6B),

b} Input dats Por IT(26”)1/[T{20)]):

o] From fit of dsta in Table 2.

d4) Ref. £3.

a}
)

g)

GCoapilation by 7. Cromin, pressotad at Argence Week Interactlons Gonferencs.

Ref's, i apnd &1,

Raf, &4



Tahls

Retd comparisonz for K -+ 3 modes

Mode il ¥ = Rato/ (asc”)
Kant vt o 0" 1.00 (L.50 + 0,00) x 10°
FAE R AL 1.24 {1.09 £ o.o) x 10f
Baaw +r +1° 1,22 (1,92 £ 0,11) = 10#
B ~a® +u® + 9 49 {7.00 + 0,34) =10

Tests of |-ﬁ'ﬂ a %

Exparimental

Fradiotsd

n.84 & 0,07

.91 * 012

[

1,03 = 0,04

1.07

I+
=
-

-
45 ]

1.00

1,00

1,400

ULEL+164 73



THE 41 = '4 WIMRE IR THE DECAY OF K MEIONS

In the decsy of & hadron [strongly interecting particle }, the hedrona in the initdial
and final state:s can be scharacterized by the guantum numbere: Y the hypercharge, § the
charge, and T the lsospin, Callipg AY, 4Q, AT; the differencs hatwsen the final and indtial
states of these quantum nmbers, s relation botween thesa guantities iz introduced by the
frell-Menn ~ ¥ishi Hwa formula:

ﬂq;ﬁL-“ﬂ—T.

The dsaey of the hadrons to purely hadronie flpal modesz, or hadren + lepton finsl medes
{ seml~leptonic deosys}, or pure lepton modes shewa up some pelection Tdlses.

1. & Q +thea ssmnd-1 ia (4

Thia sxpraszes the absance of "peotral surrenta in weal interactions. A deecay +o B
atate Snroly Iaptona ja aAlwavys Ao ad by a of ohar of the hadron atate: one

+ < -+ + + - -
hag never observed K + % + 10, or K *IQE,urKL-'-:Ju .

2. I.M’I £ 2 in the non-leptonis desaya

If 4Y w 2 would be allowad, dirset transitions from F 4o B would be allowsd to first
ardnr, while in the sbeenoe of trunsitions with 4Y = 1 a second-order trensitien 1s required.
The two hypotheses differ by & facter af 107 4in the avaluation of the masza diffarencs
between K and K;,, and the determlnation of thiz mssgs difference, whiech we have diagussed at
length in Chapter I, Seetion 4, aliminates the A3 = 2 trawsition. Thiz ruile iz aleo borne out
by the faet thet trenaltions E +n+ T ave ngt obasrvad, -

3., AQ = AD in sami-leptomie or leptenic tranaitions

Thia aelection rule allaws

K* = v &'y, anplitude f
. AT = &f
K =1 £F, asplitude £

Tt Forblda

P - w-l+v, agplitude g
&Y = -AD

¥ o+ 7P, saplitode g’
If one admlts PCT invarience
£ =f, g =g,
and if PG invarianes 1x aduitted, these cceffiglanta are regl, since

Mf=Fr, g wg.



- T0 =

Since only K and K are physioal cbaervable atetma in the decay, one haz to leok inte the
sffact of the admixture of the ' and g° tearms to tha laptonie decay. They appesr elearly idn
4 rathar hoavy expresslen. In this seetion it iz swfficlent for us to oay that the wiglation
of the 43748 mils ix oxprossed in terms of the complex parameter.

I=.g,,-"'f=}{.ai'},

and that Pig. B shows the distribution ef the valuss so far for X and ¥, It ip clear that

although these experiments ave not in contyvadiction with I = &, thelr apresd forbida oo to
draw strong conelusiops from them. The impertance of this chesk in that AQ « 4Y leada to
4Ty = % from Gell-Mann - Nishijims formuis, but not 41 = ¥z. If, however, it apposrsd to
be violstad it would i1 the |aI] = )i rule, since thia rule leads to 4Ly = 'z end 49 = &Y.

For the purpose of ouwr ddssussion it ia suffivient to say that the sxperimental atudy of
the lsptonic decay am & funetlcn of time of o pure & or B stete, loads to the Fact that the
order of magnitude of the leptondic decay rate of the Kg ia the seme as the ane of K‘.E,.

0n the other hand, the 4Y = &4 rule iz checked in othar wesk dogay. For instanoa, out
of 208 evanta

x+*i*‘+‘l-+l++tf,
ao svend

K1 +5° + @ + F (AY a -20)
has besn Toumd.

If the &Y = A9 law holds as well as PO ipvariapss, we hava arxastly I'f% + wip)] = I‘{lii{r + wiv),
where & atenda for lepton; if, in additlon, |azl = '%4 we bave

I‘{]{; - gly) = I'I:‘I‘q‘I + Tiv) = ﬂ'{f + iy
to be oompared with tha erperimental data:

(K = wev) = (12,5 % 0,60) 1¢° see

2 (B »rep) = 42032 £ 0,88 ,

In tha deocaye of the & the followlpg 1imit has basn obteined

E‘bﬂ{_ﬁ+‘-ﬂ+'++"}'=0¢ﬂ5¢

Rate (2 +n+ o + )

. Al = % law in nen-la LT

For X -+ (piona) wa have always 40 = O, AT a 21, and |aT;| = % . The more general rule
!ﬂI| a Yz that has been pruppsed sxpleine, a5 we have gosn in Chapter I, Section 2, the
inhibition of the K decayn into twe plons, s comparad to the Ki decay mode end tha obaerved
Prapobing ratlo of into ' ard y'%®. Io the de¢ay af kscna ionte three ploma the
inpligations of tba |aI] = % mie are more complicatsd and, referring the readsr to
detalled colomdation in warlous bauku"":}, I w111 merely guote the results of the anxlyais

and the sxperdmonta) chacks,



- Tl =

Teble &

Some predictions of the [AI] = '4 ruls in
the deosy of kaona into three pions

Pradiations
He phass apacs Fhasa zpocse
corrections oorrectiona Experimant
P
K e 0.25 0. 31 0300 = 0,013
TEw
a_nB_4a
P Teo 1.82 1,50 % 0.25
Pl N
K =+ 'y g®
- T e z 1.96 1,75 £ 0,12
E + 5y o'g"

The |4I] = "4 rule sles predicts relations in the decay of K &nd K° between the enerzy
distributions of the piona in the Jmon centre of mass; bowever, we will not diacuss this here.
¥e only want to mentdion that within the experimental arvers 1t seess that the pradiotiena of
the [4I] = % rwle are verified in the kaon-thres=pion decay, except for the last mumber of
Tekle & whers theory end experiment are separated by 1.5 o.

Howevar, I wiah to point out that for tha second nunbar thers was for years a atrong
disorepancy beceuse of experimentsl ervors, and tha ¢onelusions drewn by sume theoreticians
was that the admixtura of |&I| = 73 necesairy to explain the discrwpanuy was of the same order
of magnituads &5 tha ops necaasary ta arplain the K:' deray inte twe plona. Hewever, they had
to put forward en hypothesiz lesding to predicticns, later dlscapdsd by axperimenta. The
relatively good agresment betwssn the InIl = ¥y ruls and sxperiments in K deoays comparss with
the relatively good sgresxent wlese found in othey types of atrangs particle descaya: brunching
vatio T{& + p + # )}/ T(A = n + 7%}, relations butwesn tha asysmetry parametera of &' and B,
This nekes more striking the considerabls violatiom of the A = ¥4 rule in the branching
ratic of T'{R] -+ %) with respect to r(g ~ ="}
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APPENDTYE D

CALCULATION 9F THE EICERVALUES OF THE MASE MATRIX IN MATTER

s go from the (B° F®) system to tha |:1(L KS} systam by the trannfernatien

o ! |
G = ( ) .
P q
{3as Chapter IT, Profeascr Gouwdin.)
The operator

bacoman

Thus the additional term introdunoed by the matitar hecomes in the {KL KE} aystem

BLlsr-fF f£+F

_ﬂ(f+f i‘-?).

e want to diagenelirs.

u -5 (e 4 F) -Ex-n
¥ =
_%{f-?} ns-"TF{r+?}

The oew bamlis will ba

e eg ey 1 ) [fx
R L A A A



lli |
) a G WG

4

o L

Thia lesds to the Tour relatlonz

ufs-i-—_'-&—ﬁ[ns-!_?{hﬂ+a%‘{f-?‘}-ﬁ%{f~ﬂ-aﬁ:ﬂL-%{hf}]}

o = [IL-—ff f}:|-—[f‘-f]+u|:li -—(f+f} +u*%H{f-f]

0 = P [uh-gud}:';,faﬁcr-ﬂ-ﬁ[ua- (f+f}]-—{r-?}
The twe last relations raduce to
a g =)+ (@ - (r-F) =0
ﬁ(HL-lSJ+(ﬁ’-1}ﬂ;N(f-§}-D-
Theee relations require « = -8

HI"J:.'—I-I—F[HL—'“—:](f+T]+2ﬂ%(f‘§}+ﬁ‘]a'%{f+fj}

ui.uL-rl;T"[f’f f’]-f?“‘:,‘"s}*,'_fé;?{f'ﬂ

- i)
R R R el SR Ry S

If g% << 1 then § = {«B/m)[(f = 2)}/(N, - “s}] leading to the ralation (I.4) and {I.5) in the
toxt,

¥o know by experlence, that @ = ~f, the amplitude of the regemerated short=ilved neuiral
¥acy 18 at moat a faw per cent sinoe the maximum of the lntenaity of regsnerated kmona ia
10~ 4n ary materigl. This justifies the approximation A° << 1,
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FLOOR PLAN OF EXPERIMENT

Fig, %  The edporvioental layout of Chydstanson et -31.“}.
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T in 0%

a} Bott=Bodenhaumen at al.

DEMSE REGENERATOR LIGHT REGENENRATOR WO REGEMERATOR

= ==== N iverierence . Besl FH
—-—r Coiculabed EHicency

F] : T 3 [} [ ]
T MuNmsor 0 see

b} Alff-Stairberger et 21,

Mg 6 1 Intarfarence 1n the 1" decoy betwasn X eni rogenervtsd g,



Fit to 2cm C, 4cm C and X em C Regenerator
§ =0480 2k

10 ip=-B15°
+=0.900

Q5

=0.5

10 N

Fg: 7 ¢ Experimental data treated in such a way as to daolate the Ioterferencs toarm
oos (3 + Amv) Botte=Bodenhsusen ot al,””).






1 Toe reversal irmvarlance solutions for Ppm = 8r; B =iy Twd.1%0.22,
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