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HYPOTHETICAL FIRST ORDER j�Sj = 2TRANSITIONSIN THE K0 �K0 SYSTEMJ. PiskorskiUniversity of Zielona Góra, Institute of Physi
sPodgórna 50, 65�246 Zielona Góra, Polande-mail: jaropis�proton.if.uz.zgora.pl(Re
eived June 18, 2002; revised version re
eived July 6, 2002)The in�uen
e of a hypotheti
al CP violating j�Sj = 2 intera
tion onthe masses and lifetimes of neutral mesons K0 and K0 is investigated.It is shown, that the assumption of the existen
e of this superweak in-tera
tion does not signi�
antly a�e
t these parameters if phenomenolog-i
al 
onstraints based on re
ent experiments are imposed. To establishthis result we use a 
omputer simulation of a parameter 
orrespondingto the di�eren
e between the diagonal elements of the e�e
tive Hamilto-nian governing the time evolution in the K0 �K0 system. Instead of thewidely used Lee, Oehme and Yang approximation whi
h is insensitive tothe j�Sj = 2 intera
tion we use a formalism based on the Królikowski�Rzewuski equation.PACS numbers: 03.65.Ge, 11.10.St, 13.20.Eb1. Introdu
tionUntil re
ently there were two types of models of intera
tions whi
h were
onsidered plausible while investigating the sour
e of the CP violation [1℄.The �rst of them is the 
lass of miliweak models whi
h assume that a partof order 10�3GF in the weak intera
tion is responsible for the observed CPviolation e�e
ts. One of the most important predi
tions of this 
lass of mod-els is that the CP violation should also be observed in other than K0 � K0pro
esses, and that it should be of the same order. The CKM model is anexample of su
h miliweak models, at the same time being the most su

ess-ful one. The re
ent experimental results 
on
erning the measurement of �0=�and CP violation in the neutral B-meson system show, that the CKM model
orre
tly des
ribes CP violation. There is, however, a small possibility thata superweak-like intera
tion (the terms �superweak� and �superweak-like�(31)



32 J. Piskorskiwill be used inter
hangeably) does exist in addition to the CKM me
hanism,and some authors 
onsider its impli
ations (see [2℄ and referen
es therein).One of the most important parameters of the K0 � K0 system is thedi�eren
e between the diagonal elements of the e�e
tive Hamiltonian gov-erning the time evolution. The standard approximation put forward by Lee,Oehme and Yang (the LOY approximation) [3℄ leads to the 
on
lusion thatthe above di�eren
e is exa
tly zero. The real parts of the diagonal elementsare interpreted as the masses of the parti
les and the imaginary parts are thede
ay widths. Consequently, in the LOY approximation the masses and thede
ay widths of K0 and K0 are equal. This result is 
orroborated by the ex-perimental result j(mK0 �m �K0)=mK0 j � 10�18 [4℄. However, in the 
ourseof derivation of the LOY approximation the elements whi
h 
orrespond tothe hypotheti
al superweak intera
tion are negle
ted [3, 5℄. In [6�10℄ it wasshown with the use of a method based on the Królikowski�Rzewuski equa-tion [11, 12℄, that if su
h elements are present the masses of the kaon andanti-kaon need not be equal. It is, therefore, interesting to see what e�e
tsu
h a superweak intera
tion might have on the masses of neutral kaons ifthe limitations following from the most re
ent experiments are taken intoa

ount. The result of this 
al
ulation may be used to test the a

ura
y ofthe LOY approximation.The paper is organised as follows: In the se
ond se
tion we review themost important (for our purposes) features of the Standard Model and theSuperweak Model and their present experimental status. The third se
tionreviews the standard phenomenologi
al approa
h to the neutral kaon systemwhi
h is based on the Weisskopf�Wigner approa
h. Also, basing on [6�10℄,we review the alternative formalism and analyse its relevan
e to the super-weak intera
tion. The fourth se
tion 
ontains a 
omputer simulation ofthe time dependen
e of the parameter des
ribing the di�eren
e betweenthe diagonal elements in the alternative model, whi
h in the presen
e of thesuperweak intera
tion turns out to be di�erent from zero. In this se
tion, byimposing the phenomenologi
al 
onstraints following from the most re
entexperiments, we �nd the upper bound on the di�eren
e between the massesof the K0 and K0 mesons. This bound turns out to be extremely small,whi
h shows that the LOY approximation is very good, even in the presen
eof the superweak intera
tion. The summary and 
on
lusions are 
ontainedin the last se
tion.2. K0 � K0 mixing in the Standard Modeland the Superweak ModelIn this se
tion we review the Standard Model approa
h to the K0 �K0 system. We also brie�y des
ribe the salient features of the superweaks
enario of CP violation.



Hypotheti
al First Order j�Sj = 2 Transitions in the K0 �K0 System 332.1. K0 � K0 mixing and CP violation in the Standard ModelThe �avour transitions allowed in the Standard Model are spe
i�ed bythe CKM matrix, whi
h allows the following �avour mixing0� d0s0b0 1A = 0� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1A0� dsb 1A : (2.1)Consequently, in the CKM theory there are no dire
t, �rst order K0 �K0 transitions. In other words there are no �rst order j�Sj = 2 transitions,or, in yet another equivalent formulation, whi
h we will be using in theremaining part of the paper h1jH(1)j2i = 0 ; (2.2)where jK0i � j1i and jK0i � j2i and H(1) is the �avour-
hanging part ofthe weak Hamiltonian [5℄.Matrix (2.1) is unitary and 
ontains 9 parameters. Three of these pa-rameters may be 
hosen to be real angles �12, �13, �23 and the remaining sixare phases. The number of phases 
an be redu
ed by using the fa
t, thatspinors are de�ned up to a phase, so we may rede�ne the quark eigenstates.After doing this we noti
e, that in the pro
edure there are only �ve inde-pendent phase di�eren
es, whereas there are six phases in (2.1), so there isone physi
ally meaningful phase in this unitary matrix. This is the 
ru
ialpoint of the CKM theory be
ause this phase allows for CP violation [1℄.2.2. The hypotheti
al superweak intera
tionThe Superweak Model postulates the existen
e of a new j�Sj = 2, CPviolating intera
tion. The 
oupling 
onstant of this intera
tion should besmaller than se
ond order weak intera
tion. Thus, the Superweak Modelassumes a non-vanishing �rst order transition matrix elementh1jH(1)j2i � gGF 6= 0 ; (2.1)where g is the superweak 
oupling 
onstant. It is widely a

epted that thisintera
tion 
an only be dete
ted in theKL�KS system, be
ause it is the onlyknown pair of states with the energy di�eren
e so small, that it is sensitiveto intera
tions weaker than se
ond order weak intera
tion [1℄.2.3. The status of the Standard Model and the Superweak ModelThe re
ent experimental results from the CPLEAR and KTeV Collabo-rations and others have given the de
isive answer to the question whetherthe CP violation e�e
ts are 
orre
tly des
ribed by the CKM miliweak theory.



34 J. PiskorskiThe measured value of �0=� = (1:72 � 0:18) � 10�3 [13℄ proves that thereis a dire
t CP violating e�e
t, and that CP violation 
annot only be as-
ribed to mass mixing in the K0 � K0 pro
ess. On the 
ontrary: the CKMme
hanism must be the dominant sour
e of CP violation (in low-energy�avour-
hanging pro
esses) [13℄. Additionally, the measured value is per-fe
tly 
onsistent with the world average for the value �0=� [14℄. Anotherexperimental argument for the miliweak CKM theory are the two re
entmeasurements of CP violation in B de
ays [13℄ (and referen
es therein). Inother words, the Standard Model alone is able to 
orre
tly predi
t the valueof �0=� and no improvements or extensions are in fa
t ne
essary.However, even if the CP violation e�e
ts are 
orre
tly des
ribed by theCKM me
hanism the idea of a j�Sj = 2 intera
tion has not been aban-doned entirely. Indeed, some authors 
onsider the impli
ations of su
h anintera
tion. For example the question of the existen
e of the superweak in-tera
tion turns out to be of some importan
e in tagged experiments in whi
h�avour is determined for the initial meson and then for the meson at thetime of de
ay. The existen
e of the j�Sj = 2 superweak intera
tion might
ause the produ
tion of �wrong� neutral meson states [2℄. The e�e
t of su
ha hypotheti
al intera
tion is, however, believed to be negligibly small.3. The standard phenomenologi
al des
riptionof the K0 �K0 systemIn this se
tion we brie�y des
ribe the phenomenology whi
h is 
urrentlyused to des
ribe the time evolution of the K0 �K0 system.3.1. The Lee, Oehme and Yang approximationThis formalism is based on the formalism of parti
le mixture introdu
edby Gell-Mann and Pais [15℄. The most important modi�
ation was in-trodu
ed to this formalism by Lee, Oehme and Yang [3℄, who, using theWeisskopf�Wigner approximation arrived at the widely known formula (3.5)� see below. Further extensions were introdu
ed by many other authors,e.g. Bell and Steinberger [16℄.In the standard approa
h the full Hamiltonian is divided into two partsH = H(0) +H(1) ; (3.1)where H(0) is the �avour-
onserving part of the Hamiltonian, and H(1) is the�avour-
hanging part. The 
omplete state ve
tor whi
h has evolved fromj1i or j2i is proje
ted onto the subspa
e spanned by j1i and j2i. Therefore,we de�ne this proje
ted state ve
tor asj	 ; tijj = �1(t)j1i+ �2(t)j2i : (3.2)



Hypotheti
al First Order j�Sj = 2 Transitions in the K0 �K0 System 35Lee, Oehme and Yang, by modifying the Weisskopf�Wigner method for thesingle line, showed that the time dependen
e of the ve
tor � �1(t)�2(t) � 
anbe des
ribed by the following S
hrödinger-like equationi ddt � �1(t)�2(t) � =  HLOY11 HLOY12HLOY21 HLOY22 !� �1(t)�2(t) � ; (3.3)where we have adopted ~ = 
 = 1. The operator on the right hand side ofthe equation is the LOY e�e
tive Hamiltonian, and its matrix elements arematrix elements of the weak intera
tion transition operator. In the 
ase ofCPT 
onserved it 
an be shown, that for this e�e
tive Hamiltonian we haveHLOY11 = HLOY22 [5℄.The e�e
tive Hamiltonian 
an be split into two parts, ea
h of them witha de�nite physi
al meaning HLOY =M � i�2 ; (3.4)or i ddt � �1(t)�2(t) � = 0B� M11 � i�112 M12 � i�122M21 � i�212 M22 � i�222 1CA� �1(t)�2(t) � : (3.5)For our purpose, whi
h is the analysis of the in�uen
e of the hypotheti
alj�Sj = 2 intera
tion on the time evolution of the K0 � K0 system, theLOY method is not suitable. Indeed, in [9, 17℄ it was shown, that the LOYformulae may only be 
orre
t if we assume h1jH(1)j2i = 0 and take t!1.This obviously ex
ludes the possibility of using the Lee, Oehme and Yangapproximation in studying the hypotheti
al superweak intera
tion3.2. The alternative approa
hOne alternative to the approa
h des
ribed above is the formalism de-veloped in [6�9℄. We will brie�y review this approximation and its basi
�ndings.The starting point of the derivation of the alternative e�e
tive Hamilto-nian 
arried out in [9�11℄ is the Królikowski�Rzewuski equation [11, 12℄. Inthis approa
h the time evolution is not studied in the total spa
e of states Hbut rather in a 
losed subspa
e Hjj � H. If we de�ne the following proje
torP def= j1ih1j+ j2ih2j ;



36 J. Piskorskithen the subspa
e Hjj may be de�ned asHjj = PH or j ; tijj = P j ; ti 2 Hjj.In this way the total state spa
e is split into two orthogonal subspa
es HkandH? = H	Hk, and the Shrödinger equation 
an be repla
ed by equationsdes
ribing ea
h of the subspa
es, respe
tively. The equation for Hk has thefollowing form [9�12℄�i ��t � PHP� j ; tijj = j�; ti � i 1Z0 K(t� �)j ; �ijjd� ; (3.6)Q = I � P ; (3.7)K(t) = �(t)PHQe�itQHQQHP ; (3.8)j�; ti = PHQe�itQHQj i? ; (3.9)where �(t) = � 1 for t � 00 for t < 0 ;j i? = Qj ; 0i :The initial 
onditions for this problem arej ; 0i = j ; 0ijj ; (3.10)whi
h means j i? � 0 :Following [11, 12℄ we introdu
e an e�e
tive HamiltonianHjj(t) � PHP + Vjj(t) : (3.11)This formula 
orresponds to (3.4), whi
h also spe
i�es an e�e
tive Hamilto-nian.The main di�eren
e between the standard Lee, Oehme and Yang approx-imation and this approa
h is the e�e
tive potential. It 
an be shown [9, 10℄that Vjj(t) ' V 1jj (t) = �i 1Z0 K(t� �)ei(t��)PHPPd� : (3.12)To establish notation let us now de�ne the following symbolsPHP � � H11 H12H21 H22 � ; (3.13)



Hypotheti
al First Order j�Sj = 2 Transitions in the K0 �K0 System 37Hij � hjjHjii ;H0 � 12(H11 +H22) ;� � rjH12j2 + 14(H11 �H22) ;Hz � 12(H11 �H22) :The matrix elements vij(t) = hjjVjj(t)jii of Vjj(t) (3.12), without assum-ing any symmetries, like [CP;H℄ = 0 or [CPT;H℄ = 0 [9, 10℄ arevj1(t) = � 12�1 + Hz� ��j1(H0 + �; t)� 12�1� Hz� ��j1(H0 � �; t)� H212� �j2(H0 + �; t) + H212� �j2(H0 � �; t) ; (3.14)vj2(t) = � 12�1� Hz� ��j2(H0 + �; t)� 12�1 + Hz� ��j2(H0 � �; t)� H122� �j1(H0 + �; t) + H122� �j1(H0 � �; t) ; (3.15)where �(�; t) def= PHQ e�it(QHQ��) � 1QHQ� � QHP ; (3.16)and �jk("; t) = hj j �("; t) j ki, j; k = 1; 2. This e�e
tive potential, togetherwith the remaining parts of the e�e
tive Hamiltonian yields the followingmatrix elements for the e�e
tive Hamiltonianhjk(t) = hjjHjjjki = Hjk + vjk(t) ; (j; k = 1; 2) : (3.17)For the [CPT;H℄ = 0 
ase the formulae simplify as Hz = 0 in this 
ase.Now, it is easy to noti
e that, in the 
ase of [CPT;H℄ = 0, 
ontrary tothe LOY e�e
tive Hamiltonian for whi
h we have HLOY11 �HLOY22 = 0 , thedi�eren
e between the diagonal elements is non-vanishinghz(t) = 12(h11(t)� h22(t)) 6= 0 ; (t > 0) : (3.18)It is also obvious that the ne
essary 
ondition for (3.18) to be true isH12 6= 0,that is, the existen
e of the superweak intera
tion.



38 J. Piskorski4. Computer simulation of the time evolution of hz(t)within the Friedri
hs�Lee modelIn this se
tion we perform a numeri
al simulation of the hz(t) parameter,whi
h has proved so important in the present approa
h. By making someassumptions 
on
erning the s
ale of the hypotheti
al superweak intera
tionwe arrive at a form whi
h is 
onvenient for 
omputer analysis. We analysethe time evolution of the module and the real and imaginary part of thisparameter. 4.1. The Friedri
hs�Lee modelIn [9℄ the Friedri
hs�Lee model [18℄ was used to obtain the followingformulae for the matrix elements of the e�e
tive Hamiltonian with the[CPT;H℄ = 0 assumptionhj1(t) = mj1 � 12 ��j1 + m21jm12j�j2��0(t;m0 + jm12j � �)� 12 ��j1 � m21jm12j�j2��0(t;m0 � jm12j � �) ; (4.1)hj2(t) = mj2 � 12 ��j2 + m12jm12j�j1��0(t;m0 + jm12j � �)�12 ��j2 � m12jm12j�j1��0(t;m0 � jm12j � �) : (4.2)In these formulae m0 � h1jH(0)j1i = h2jH(0)j2i, 
ompare Eq. (3.1),m12 � H12; m0 � � is the di�eren
e between the mass of the mesons 
on-sidered and the threshold energy of the 
ontinuum state, like K ! 2�.Fun
tions �0(t;m) are de�ned by�0(t;m) = F0(m)� F0(t;m) ; (4.3)where F0(t;m) = apm hS(pmt)� C(pmt)i� i apm hC(pmt) + S(pmt)� 1i ; (4.4)F0(m) = i apm ; a = (m11 � �) 12 ; (4.5)



Hypotheti
al First Order j�Sj = 2 Transitions in the K0 �K0 System 39and �nally S(y) and C(y) are the sine and 
osine Fresnel integralsC(y) = 1p2 y2Z0 
os(�)p� d� ;S(y) = 1p2 y2Z0 sin(�)p� d� :The parameters �ij 
orrespond to the matrix elements of the de
ay matrixin the LOY approximation (3.5).By setting j = 1 in (4.1) and j = 2 in (4.2) and then subtra
ting (4.2)from (4.1) we gethz(t) = m21�12 �m12�214jm12j� h�0(t;m0 � jm12j � �)� �0(t;m0 + jm12j � �)i : (4.6)Let us introdu
e a new independent variable xx � x(t) = (m0 � �) t : (4.7)If we de�ne �L = 5:2 � 10�8s as the mean lifetime of KL, the value of x
orresponding to this time is x = 2:8 � 1016. Now, using x we 
an rewritehz(t) as hz(x) = m21�12 �m12�214jm12j r(x) ; (4.8)where r(x) has the following form (see Appendix A)r(x) = pb� fi� [S (px�)� C (px�)℄� i [C (px�) + S (px�)℄g+pb+ f�i+ [S (px+)�C (px+)℄�i [C (px+)+S (px+)℄g ; (4.9)where b� = �1� jm12jm0 � �� ; x� = b�x:This expression (4.9) is simple to analyse using 
omputer methods as it
ontains no other variables but the independent variable x.To extra
t any numeri
al information from (4.9) we need to make someassumptions 
on
erning the strength of the superweak intera
tion. Thereare some estimates in the literature � we will a

ept the one suggested byLee in [5℄ (equation 15.138, page 375) jm12j=(m0 � �) ' 10�17. To be sure,we do not even know if the strength is di�erent from zero, we are assuminga value of jm12j=(m0 � �) whi
h is 
onsistent with the assumptions made inSe
. 2. to see how hz(t) 
hanges with time.



40 J. Piskorski4.2. Time dependen
e of hz(x(t))From (A.2), and (A.3)r(x) = hz(x(t))i j�12j 2 sin(�� �) ; (4.10)so we may analyse the following three parametersjr(x)j � jhz(x(t))j; (4.11)<(ir(x)) � <(hz(x)); (4.12)=(ir(x)) � =(hz(x)): (4.13)The 
omputer analysis of the module (4.11) shows that for very small valuesof x it rapidly os
illates around the value of jr(x)j ' 10�16, then it be
omesbasi
ally 
onstant. What are small values of x will be
ome apparent fromFig 1. and the dis
ussion of the imaginary part. The real part of ir(x) isbasi
ally 
onstant: <(ir(x)) ' 10�16 for all x > 0 ex
ept for the immediateneighbourhood of 0, where r(0) = 0. The behaviour of the imaginary partof ir(x) is shown in Fig 1. It os
illates rapidly about 0 for very small x, thenthe imaginary part qui
kly tends to zero. This, together with the behaviourof the real part of ir(x) means that the os
illations in jr(x)j should beattributed to the os
illations in the imaginary part.In the standard approa
h the real parts of the diagonal elements of thee�e
tive Hamiltonian are interpreted as the masses of the parti
les. There-fore, it seems that the existen
e of the superweak intera
tion would removerys1 printed on November 13, 2002 1

�6� 10�17�4� 10�17�2� 10�170
2� 10�174� 10�176� 10�17

1 105 1010 1015 1020

y
x

y = =(ir(x)) � =(hz(x))

Fig. 1. The x dependen
e of =(hz(x)) for jm12j=(m0 � �) = 10�17. The value ofx = 2:8� 1016 
orresponds to �L � the lifetime of KL. This is why the region ofrapid os
illation is 
alled �small x�.



Hypotheti
al First Order j�Sj = 2 Transitions in the K0 �K0 System 41the mass degenera
y between the parti
le and antiparti
le in the neutralkaon system. Correspondingly, the imaginary parts are interpreted as thede
ay 
onstants, so in the model 
onsidered the de
ay widths of the parti-
le and antiparti
le should be equal, whi
h is 
onsistent with the standardresult. These results are 
onsistent with the 
on
lusions rea
hed earlier onthe basis of the form of hz(t) for large times [9℄.4.3. Order-of-magnitude estimation of the e�e
tintrodu
ed by the superweak intera
tionIn this short subse
tion we try to estimate the order of magnitude of thee�e
t introdu
ed by the hypotheti
al superweak-like intera
tion. To this endwe use the assumption, that the dominating 
ontribution to j�12j is 
orre
tlydes
ribed by the Standard Model. This means that we may assumej�12j � G2FM4P sin2 �(2�)4 mK0 � 10�12MeV ; (4.14)where GF is the Fermi 
onstant, MP is the proton mass and � is the Cabbioangle [19℄. Using our result from the previous se
tion, jr(x!1)j � 10�16and equation (4.10) we get the following upper bound on our parameter����hz(t!1)mK0 ���� . 12 � 10�31 : (4.15)This value 
orresponds to the 
urrently measured j(mK0 �m �K0)=mK0 j� 10�18 [4℄. Obviously, this e�e
t is mu
h too small to be observed with thepresent, and possibly also future, experiments.5. Summary and 
on
lusionsIn this paper the in�uen
e of the hypotheti
al superweak intera
tion onthe neutral kaon system has been studied. As the LOY approximation isinsensitive to su
h an intera
tion we 
hose an alternative formalism, namelythe formalism based on the Królikowski�Rzewuski equation.The analysis performed in Se
. 4 yielded the following results: Thedi�eren
e between the real parts of the diagonal elements of the e�e
tiveHamiltonian is di�erent from zero and basi
ally 
onstant for all times. Thisdi�eren
e is usually interpreted as the di�eren
e between the mass of thekaon and anti-kaon. In the LOY approximation it is equal to zero and exper-imentally it is bound by j(mK0 �m �K0)=mK0 j � 10�18. Result (4.15) showsthat the LOY approximation is very good even if the superweak intera
tion



42 J. Piskorskireally exists. Another result of Se
. 4 is that the superweak intera
tionwould not a�e
t the di�eren
e between the de
ay widths and they would beequal for K0 and K0 even in the presen
e of this hypotheti
al intera
tion.Finally, it should be stressed that all the results obtained in the presentpaper are 
onsistent with the Standard Model and the re
ent experimental�ndings. We have been assuming, that even if there is a �rst order CPviolating j�Sj = 2 intera
tion, the K0 �K0 system is 
orre
tly des
ribedby the Standard Model to a high degree of a

ura
y. This is the reason forassuming jm12j=(m0 � �) = 10�17 and j�12j � 10�12MeV in Se
. 4.I would like to thank professor Krzysztof Urbanowski for many helpfuldis
ussions. Appendix ABy rewriting the m12 and �12 parameters asm21 = m�12 � jm12je�i� ; �12 = � �21 � j�12jei� ; (A.1)we may 
ast hz(t) in the following formhz(t) = 14 j�12j�ei(���) � e�i(���)�� h�0(t;m0 � jm12j � �)� �0(t;m0 + jm12j � �)i= i j�12j 2 sin(���)h�0(t;m0�jm12j��)��0(t;m0+jm12j��)i :(A.2)It is easy to noti
e, that if � = � we have hz = 0, but this 
ase
orresponds exa
tly to the CP 
onserved 
ase � 
ompare [9℄ page 3743.Let us assume from now on, that we are dealing with the CP violating, CPT
onserving 
ase in whi
h sin(�� �) 6= 0.To make our formulae simpler, let us de�ner(t) = [�0(t;m0 � jm12j � �)� �0(t;m0 + jm12j � �)℄ : (A.3)So now r(t) = F0(m0 � jm12j � �)� F0(t;m0 � jm12j � �)�F0(m0 + jm12j � �) + F0(t;m0 + jm12j � �) : (A.4)Let us transform the above expression usingpm0 � jm12j � � = pm0 � � s1� jm12jm0 � � ;



Hypotheti
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