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CKM PARAMETERS FROM j�Sj = 1 PROCESSES�G. Valen
iaDepartment of Physi
s, Iowa State UniversityAmes IA 50011, USA(Re
eived September 27, 2002)I brie�y review how measurements in rare kaon de
ays and in hyperonde
ays will help unravel the CKM mixing angles. I then dis
uss re
entwork in sele
ted kaon de
ay modes and in estimates for CP violation innon-leptoni
 hyperon de
ay.PACS numbers: 12.39.Fe, 12.40.Vv, 13.20.Eb, 13.25.Es1. Introdu
tionAs we have already seen in the le
tures by Jarlskog [1℄, the CKM matrixis a unitary 3� 3 matrix with four independent parameters [2℄. In the 
om-monly used, approximate, parameterization of Wolfenstein [3℄ it is writtenas, V = 0� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1A (1)V � 0� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1A : (2)Of 
ourse, the parameter � � Vus is extra
ted from j�Sj = 1 transi-tions, both from semi-leptoni
 kaon de
ay K ! �e� and from semi-leptoni
hyperon de
ay � ! pe� [4℄. The parameter A � V
b=�2 is extra
ted fromB de
ay, and the other two parameters � and � whi
h give information onVub and Vtd are the fo
us of intense studies to test the CKM stru
ture in� Presented at the XLII Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, PolandMay 31�June 9, 2002. (4283)



4284 G. Valen
iathe standard model. The latest numbers quoted by the Parti
le Data Bookare [5℄, � = 0:22 � 0:10 ;� = 0:35 � 0:05 : (3)Sin
e these two parameters involve ub or td transitions, their appearan
ein j�Sj = 1 pro
esses must arise at the one-loop level. This 
an be easilyseen from the one-loop �avor-
hanging neutral 
urrent in the j�Sj = 1se
tor, s
hemati
ally shown in the diagrams of �gure 1, where Vtd is seen toenter via the top-quark intermediate state.
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lFig. 1. One-loop diagrams responsible for j�Sj = 1 transitions in the StandardModel in 
hannels with a lepton anti-lepton pair.In �gure 2 we illustrate how some of the rare kaon de
ays generated bystandard model diagrams as in �gure 1 
ontribute to the knowledge of theunitarity triangle. In parti
ular, I show s
hemati
ally the usual unitarity tri-angle (dashed) and the 
ontributions that kaon measurements 
ould provide(solid).
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CKM Parameters from j�Sj = 1 Pro
esses 4285It is 
onvenient to divide the kaon de
ay modes into the following threetypes.� There are extremely 
lean modes with small theoreti
al un
ertain-ties. They always involve a ��� pair in the �nal state. The twomost 
ommonly dis
ussed modes of this type are K+ ! �+��� andKL ! �0��� [6,7℄. Modes with additional pions in the �nal state havealso been dis
ussed in the literature [8℄.As illustrated in �gure 2, K+ ! �+��� provides a measurement of thediagonal of the solid triangle. Within the standard model one �nds [7℄,B(K+ ! �+���) � 1:0� 10�10A4(�2 + (�0 � �)2) ; (4)where �0 � 1:4 is a parameter that roughly speaking measures theimportan
e of 
harm as an intermediate state [7℄.The experimental status of this mode is that BNL 787 has seen twoevents from whi
h they derive [9℄B(K+ ! �+���)exp = (1:57+1:75�0:82)� 10�10 : (5)Another mode of this type is KL ! �0��� whi
h measures the verti
alside of the solid triangle, or the CP-violating phase �. Within theStandard Model the expe
tation is [7℄B(KL ! �0���) � 4:1 � 10�10A4�2 : (6)This mode has not been seen experimentally although there are a 
ou-ple of proposals that may eventually measure this mode. There is anupper bound from KTeV [10℄ B(KL ! �0���) < 5:9�10�7 and a theo-reti
al upper bound derived from the 
harged mode and a minimal setof assumptions about the nature of the CP-violating intera
tions [11℄B(KL ! �0���) < 1:7� 10�9.� The se
ond type 
onsists of modes with 
harged leptons in the �nalstate. These modes su�er from long distan
e ele
tromagneti
 e�e
tsand are less 
lean theoreti
ally. Examples of this kind are KL !�+�� whi
h 
ould measure the horizontal side of the solid triangle in�gure 2 if one 
ould subtra
t the long distan
e e�e
ts [12℄. A se
ondexample is KL ! �0e+e� whi
h 
ould measure the parameter � ifits di�erent 
omponents 
an be un-tangled. In my talk I will dis
ussthe CP 
onserving 
omponent of the latter, whi
h pro
eeds via a two-photon intermediate state. I will also dis
uss in detail the related modeKL ! �0

 with emphasis on re
ent theoreti
al and experimentaldevelopments.



4286 G. Valen
ia� Finally, the purely hadroni
 modes su
h as K ! �� from whi
h theparameter "0 is extra
ted, su�er from large theoreti
al un
ertaintiesasso
iated with non-perturbative QCD e�e
ts. In my se
ond talk I willdis
uss �! p�� in 
onne
tion with the e�orts by Fermilab experimentE871 to observe CP violation in hyperon de
ay. This mode is alsoplagued with large theoreti
al un
ertainty.2. KL ! �0

This rea
tion is interesting for two reasons. One is that it mediates a CP
onserving ba
kground to KL ! �0e+e� and thus it must be understood ifone hopes to extra
t useful short distan
e information from the latter. A de-tailed dis
ussion of this 
an be found in the many reviews on the subje
t [6℄.As I will dis
uss in this talk, the mode KL ! �0

 has two invariant ampli-tudes that roughly 
orrespond to the photon pair being in an S or D wave.The state with two-photons in an S-wave leads to a negligible CP 
onservingKL ! �0e+e�, proportional to m2e, whereas the state with two-photons ina D-wave 
an yield a sizable CP 
onserving KL ! �0e+e�. This provides astrong motivation for a detailed study of the KL ! �0

 spe
trum. A se
-ond reason why this rea
tion is of interest is as a test of 
hiral perturbationtheory whi
h makes an unambiguous predi
tion at leading order (p4).The framework of �PT has proved extremely useful for analyzing low en-ergy pro
esses involving the pseudos
alar meson o
tet and photons. At lowenergies, the strong and ele
tromagneti
 intera
tions of these parti
les 
anbe adequately des
ribed with a 
hiral Lagrangian with up to four derivatives.The most general 
hiral Lagrangian to this order has been written down byGasser and Leutwyler [13℄. It 
onsists of two terms at leading order, O(p2):L(2)S = f2�4 Tr(D��D��y) +B0 f2�2 Tr(M� +�yM): (7)M is the diagonal matrix (mu;md;ms), and the meson �elds are 
ontainedin the matrix � = exp(2i�=f�) with:� = 1p2 0� �0=p2 + �=p6 �+ K+�� ��0=p2 + �=p6 K0K� K0 �2�=p6 1A (8)� transforms under the 
hiral group as � ! R�Ly. For pro
esses in whi
hphotons are the only external �elds the 
ovariant derivative is given by,D�� = ��� � ieA�[Q;�℄ (9)and Q is the diagonal matrix (�2=3; 1=3; 1=3).



CKM Parameters from j�Sj = 1 Pro
esses 4287At next to leading order, O(p4), there are ten new operators [13℄, noneof whi
h 
ontributes to KL ! �0

 at order p4.For j�Sj = 1 pro
esses we also need the weak intera
tions. In thestandard model, the dominant j�Sj = 1 operators in the e�e
tive weakHamiltonian transform as (8L; 1R) under 
hiral rotations. We 
an write a
hiral representation for operators with this transformation property, andon
e again organize them in terms of the number of derivatives. The lowestorder Lagrangian 
onstru
ted in this way 
ontains two derivatives [14℄:L(2)W = GFp2 jVudV �usjg8Tr(�6L�L�) ; (10)where L� = if2��D��y. The 
onstant is �t from K ! �� de
ays, g8 � 5:1.It is 
onventional to use the 
ombination of 
onstants,G8 � GFp2 jVudV �usjg8 � 9:1 � 10�6 GeV�2: (11)The situation at next to leading order is mu
h more 
ompli
ated: a verylarge number of operators, and therefore of unknown 
oupling 
onstants, hasbeen identi�ed [15℄. However, one 
an expli
itly 
he
k that none of these
ontributes at tree-level to KL ! �0

. This implies that the one-loopresult has to be �nite as there are no 
ounterterms at order p4 that 
an beused to absorb divergent terms. Expli
it 
al
ulation involving diagrams su
has the one shown in �gure 3, 
on�rms that the one-loop expression is �nite.For this reason there is a unique, parameter free, lowest order predi
tion forthis mode from 
hiral perturbation theory.
o
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KFig. 3. Example of one-loop diagram generating KL ! �0

 at order p4. TheX indi
ates a lowest order weak vertex and the 
ir
le indi
ates a lowest ordermeson�photon vertex.It has been known sin
e the �rst experimental results appeared [16℄ thatlowest order (p4) 
hiral perturbation theory is not su�
ient to explain simul-taneously the observed rate and spe
trum and that the failure is signi�
ant.



4288 G. Valen
iaFor this reason higher order 
orre
tions were in
orporated into the theo-reti
al predi
tion early on. For some time now, it has be
ome standard touse a theoreti
al des
ription whi
h in
orporates 
ertain non-analyti
 termsat next to leading order (p6) [17, 18℄, as well as one parameter, aV [18℄.This parameter arises in ve
tor meson dominan
e models for this de
ay [19℄,but it is not the only one. Instead, at order p6 the amplitude is des
ribedby three independent parameters: �1, �2 and � in the notation of Cohenet al. [18℄.The most general form of the K ! �

 amplitude 
ontains four in-dependent invariant amplitudes A, B, C and D and 
an be found in theliterature [20℄. For the 
ase of KL ! �0

, and in the limit of CP 
onser-vation, only two of these amplitudes 
ome into play:M(KL(pK)! �0(p�)
(q1)
(q2)) = G8�4� "�(q1) "�(q2)"A (q�2 q�1 � q1 � q2 g��) + 2 Bm2K (pK � q1 q�2 p�K+pK � q2 q�1p�K � q1 � q2 p�Kp�K � pK � q1 pK � q2 g���#; (12)In 
hiral perturbation theory with terms of order up to p6, the amplitudesA and B take the form [18℄:A(z) = 4F � zr2�� a1(z)z + 4F (z)z (1 + r2� � z)+a2M2K�2� �4r2�z F � zr2��+ 23 �2 + zr2���16 +R� zr2���� 23 log m2�M2��2r2�z2 (z + 1� r2�)2 � z12r2� + F � zr2��+ zr2�R� zr2���+ 8r2�z2 y2 � z12r2� + F � zr2��+ z2r2�F � zr2��+ 3 zr2�R� zr2����+�1(z � r2�) + �2;B(z) = a2M2K�2� �4r2�z F � zr2��+ 23(10� zr2� ) �16 +R� zr2���+ 23 log m2�m2��+ � ; (13)



CKM Parameters from j�Sj = 1 Pro
esses 4289where we use the standard kinemati
 variablesz = (q1 + q2)2M2K ; y = pK � (q1 � q2)M2K ; (14)and �� � 4�f� � 1.17 GeV.This form for the two amplitudes does not 
orrespond to a 
omplete
al
ulation in 
hiral perturbation theory at order p6. It 
ontains the 
om-plete one-loop 
al
ulation of order p4 [21℄ and two types of terms of orderp6. The �rst type 
onsists of the non-analyti
 terms in Eq. (13) that mul-tiply the fa
tors a2 and a1(z). The in
lusion of these terms is inspired bydispersion relations, and they originate in p4 
orre
tions to the K ! 3� am-plitudes [15,22℄. The relevant 
onstants whi
h enter a1 and a2 are extra
tedfrom an analysis of K ! 3� data. The se
ond type of term 
onsists of theanalyti
 terms that arise from tree-level 
ontributions from order p6 
hiralLagrangians. From the analysis of K ! 3� in Ref. [15℄, we havea1(z) = 0:38 + 0:13Y0 � 0:0059Y 20 ;Y0 = (z � r2� � 13)r2� ;a2 = 6:5 ; (15)with r� = m�=MK . The loop form fa
tors are given by [18℄F (z) = 1� 4z �ar
sin�12pz��2 ; z � 4;= 1 + 1z  log 1�p1� 4=z1 +p1� 4=z + i�!2 ; z � 4;R(z) = �16 + 2z �1�p4=z � 1 ar
sin�12pz�� ; z � 4;�16 + 2z + p1� 4=zz  log 1�p1� 4=z1 +p1� 4=z + i�! ; z � 4:The three parameters �1;2 and � are related to the three Lorentz invari-ant 
ouplings that 
an be derived from a 
hiral Lagrangian at order p6. Inthe following form it is easy to see that there are three possible 
ouplings,L = G8�EM4� �
1KL�0F ��F�� + 
2M2K ��KL���0F ��F��+ 
3M2K ��KL���0F��F���; (16)
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iathey are related to the parameters we are using by,�1 = �2
2 + 
32 ;�2 = 4
1 + 2
2 + 
32 ;� = �
3 : (17)In the analysis of Ref. [18℄ the three unknown 
onstants were �xed interms of the 
ontribution they re
eive from ve
tor-meson ex
hange, supple-mented with a minimal subtra
tion Ansatz:�1 = �4aV ;�2 = 12aV � 0:65;� = �8aV � 0:13 ; (18)and this form has been used, for example, by KTeV [23℄ to �t their data withaV = �0:72� 0:05� 0:06. In Eq. (18) � is no longer independent from �1;2;therefore it is 
lear that this Ansatz introdu
es model-dependent 
orrelationsbetween the B amplitude (the one responsible for a large CP-
onservingKL ! �0e�e�), and the A amplitude whi
h dominates the KL ! �0

mode, but whi
h does not 
ontribute signi�
antly to KL ! �0e+e�.2.1. Resonan
e models for �1; �2 and �As mentioned before, the 
ontribution of ve
tor meson ex
hange, throughdiagrams su
h as that in �gure 4 
an be parameterized by the 
onstantaV . The 
onstant aV has been 
al
ulated in several models (there is no
ρ π

γγ

η,πKFig. 4. One-loop diagrams responsible for j�Sj = 1 transitions in the StandardModel.unique way to in
lude ve
tor mesons in the weak e�e
tive Lagrangian). Thesimplest ones are those that 
onsider only pole diagrams su
h as �gure 4.There also are possible dire
t weak terms, and a model to 
ompute thesedire
t 
ounterterms is the �weak deformation model� of [19℄. For this mode,the model predi
ts the dire
t weak 
ounterterm 
ontribution to aV to betwi
e as large as that from the pole terms and to have the opposite sign.The net e�e
t is thus to 
hange the sign of the 
onstant aV 
al
ulated frompole diagrams alone. The 
hiral quark model is a di�erent type of model



CKM Parameters from j�Sj = 1 Pro
esses 4291that 
an also be parameterized by aV alone [24℄. The 
ouplings that o

urat order p6 in a ve
tor meson dominan
e model have been obtained in [19℄.They are of the formLV = G8�EM4� 4aVM2K���KL���0F ��F�� + 2��KL���0F��F��� (19)resulting in Eq. (18) (aside from small additional 
onstants whi
h appear in aparti
ular regularization s
heme for the loop amplitudes [18℄). Although thispattern is a �rm predi
tion of ve
tor meson dominan
e models, a spe
i�
value for aV is not. For example, in Ref. [19℄ the values aV = 0:32 oraV = �0:32 
an be obtained depending on whether one uses the so 
alled�weak deformation model� or not. This is just another way of saying that the
on
ept of �ve
tor meson dominan
e� is not uniquely de�ned for the weakintera
tions. In addition, phenomenologi
al treatments of ve
tor mesonssu
h as those of Ref. [25℄ in
lude e�e
ts from � � �0 mixing, whi
h areformally of higher order, but whi
h result in signi�
antly di�erent �ve
tormeson� 
ontributions to KL ! �0

. It is worth mentioning that a quarkmodel estimate of the parameters �1, �2 and � [24℄ yields the same patternas in Eq. (18) with aV = (N
=27)g2A(M2K=m2) in the notation of [24℄.More re
ently, possible 
ontributions from intermediate s
alars and ten-sors have also been dis
ussed. It is found that the tensor meson f2(1270),in parti
ular, 
an 
ontribute at a level 
omparable to that of ve
tor mesonsand yet produ
e a di�erent pattern for the three 
onstants [26, 27℄. Thee�e
t of s
alar resonan
es near 1 GeV turns out to be small [28℄. The e�e
tof a broad s
alar resonan
e in the vi
inity of 500 MeV would be importantand several authors have 
onsidered this term. We prefer to in
lude it in adi�erent way, through a phenomenologi
al pion re-s
attering that 
omprisesthe additional p6 
ontributions. The e�e
t of resonan
es su
h as the f0(980)
an be estimated as follows. First take the simplest form for the s
alar�pionand s
alar�photon intera
tions [29℄,LS = g�STr�D��D��y�+ �EM4� g
SF ��F�� : (20)The 
oupling g� 
an be determined from the de
ay width of the s
alarinto two pions. Adding the 
harged and neutral modes we obtain� (S ! ��) = 38�f4�p1� 4r2�sg2�M3S�1� 2r2�S + 4r4�S� ; (21)with r�S = M�=MS . If we identify the s
alar meson with the f0(980),and use the parti
le data book �gures B(f0 ! �+��) = 2=3, B(f0 !
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ia�0�0) = 1=3, [5℄ and the NOMAD result � (f0) = 35 � 12 MeV [30℄ we �ndg� � �5 MeV (we 
annot de
ide the sign ambiguity from the experimentalrates).The width for the s
alar�meson de
ay into two photons allows us todetermine g
 . We �nd for the width� (S ! 

) = ��EM4� �2 g2
M3S4� : (22)If again we identify the s
alar with the f0(980) and use the parti
le data bookvalue � (f0 ! 

) = 0:39+0:10�0:13�10�3 MeV [5℄, we �nd g
��3:9�10�3MeV�1:Colle
ting these results we �nally obtain for the 
ontribution of the s
alarf0(980) to KL ! �0

 (see �gure 5):�1 = ��2 = 16g�g
M2KM2S � �0:08 ; � = 0 : (23)
KL �0 f0; f2

�0
a)

KL f0; f2
KL �0b)(a) (b)Fig. 5. S
alar� and tensor�meson resonan
e Feynman diagrams 
ontributing toKL ! �0

. The dots in (a) and (b) represent �avor-
hanging mass-insertions inthe in
oming and outgoing parti
les, respe
tively [20, 21, 57℄.In a similar manner we 
an determine the 
ontribution from a tensor me-son. A simple look at the low energy data for the rea
tion 

 ! �0�0 [31℄su�
es to motivate the potential importan
e of the f2(1270) for our ampli-tudes through diagrams su
h as those in �gure 5. Following Ref. [29℄ wewrite the lowest order 
ouplings of a tensor meson T�� to pions and photonsas LT = h�T ��Tr�D��D��y�+ �EM4� h
T ��F��F�� : (24)



CKM Parameters from j�Sj = 1 Pro
esses 4293For the in
lusive width of the tensor meson into two pions, and followingRef. [32℄ for the des
ription of the spin 2 states, we obtain� (T ! ��) = 3h2�M3T240�f4� �1� 4m2�M2T �5=2 : (25)For the de
ay width of the tensor meson into two photons we �nd� (T ! 

) = ��EM4� �2h2
M3T80� : (26)Identifying the tensor meson with the f2(1270) and using the parti
le databook values for mass and partial widths [5℄, we obtain h� � �40 MeV andh
 � �0:03 MeV�1.The tensor (f2) 
ontribution to the parameters �1, �2 and � 
an be readfrom the intera
tion that results after the tensor meson has been integratedoutLT = G8�EM4� 4h�h
M2T �23��KL���0F ��F�� + 2��KL���0F��F��� : (27)The resulting 
ontributions are:�1 = �43h�h
M2KM2T � �0:25 ;�2 = 283 h�h
M2KM2T � �1:7 ;� = �8h�h
M2KM2T � �1:5 : (28)Table I summarizes the resonant 
ontributions to the three parameters.TABLE IA 
omparison of parameters for KL ! �0

 for various resonant 
ontributions.Ve
tor (aV = � 0.32) S
alar Tensor�1 � 1.2 � 0.08 � 0.25�2 � 3.6 � 0.08 � 1.7� � 2.4 0 � 1.5



4294 G. Valen
ia2.2. The KTeV dataWe now pro
eed to �t the KTeV results to our formulae. In �gure 6 wereprodu
e the data from Ref. [23℄ as 
an be read from their published paper.We superimpose on the data the best �t we obtain in terms of the parameteraV as a solid line. Our �t gives aV = �0:95 with a �2=d:o:f: = 46=27, whi
h
orresponds to �1 = 3:8 ;�2 = �12:0 ;� = 7:5 : (29)

Fig. 6. Two di�erent �ts to the data from Ref. [23℄, as explained in the text. Thesolid line is a one-parameter �t 
orresponding to Eq. (29), the dashed line is thethree-parameter �t shown in Eq. (30).Noti
e that our value for aV is not the same value quoted by Ref. [23℄be
ause we do not have a

ess to the raw data and hen
e we have not takeninto 
onsideration any ba
kground or dete
tor issues. Nevertheless, we feelthat it is fair to 
ompare this �t to our best three-parameter �t obtainedin the same way. This one is presented in �gure 6 as the dashed line, and
orresponds to
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esses 4295�1 = 0;�2 = 1:7 ;� = �5 : (30)For this �t we obtain a �2=d:o:f: = 37=25, slightly better than Eq. (29).Clearly it is up to the experiments to present a 
omplete best �t to the datausing the general form, Eqs. (12), (13), and taking into 
onsideration allexperimental issues. The KTeV �t was obviously performed using the shapeof the distribution and ignoring the overall normalization. This is evident inthat the theoreti
al rate 
orresponding to the best �t value of aV disagreeswith the measured rate. Mu
h more instru
tive is a 
omparison with NA48data that follows. 2.3. The NA48 resultThe re
ently released NA48 data [33℄ is signi�
antly di�erent from theKTeV data and leads to di�erent 
on
lusions regarding the CP-
onserving
ontribution to KL ! �0e+e� [34,35℄ as we will see below. Unlike KTeV,NA48 has presented their data in a form that allows us to dire
tly 
ompareour general �t to the usual VMD �t. This allows us to show that whereas it ispossible to �t the de
ay distribution d�=dm

 equally well with the generaland VMD approa
hes, only the former is 
apable of �tting simultaneouslythe de
ay distribution and the total de
ay rate.2.4. Fitting the shape of the d�=dm

 distributionNA48 has re
ently released their result for KL ! �0

 [33℄. They an-alyze their data using Eq. (13) with the VMD assumption, and they �ndaV = �0:46. For our �ts we use the information in Table 2 of Ref. [33℄,whi
h gives the number of unambiguous events, estimated ba
kground anda

eptan
e for ea
h 20 MeV bin in m

 .We begin our analysis with a �t to the shape of the d�=dm

 distribution,ignoring the measured bran
hing ratio, to 
ompare with the �t performedby NA48 (this is also what was done by KTeV). We 
al
ulate the number ofevents predi
ted in ea
h bin asNi = N� 1�KL Zi dm

� d�dm

�N(KL)�A

eptan
ei +Ba
kgroundi ; (31)where N is a normalization 
hosen to mat
h the total number of events andN(KL) = 23.9 � 109 is the number of de
ays in the �du
ial volume. Thearbitrary normalization allows us to �t the shape of the distribution whileignoring the overall rate.
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iaWe use data from 17 out of 20 bins presented in Table 2 of Ref. [33℄. Weex
lude two bins in the m

 region near the �0 mass whi
h do not have anyevents due to kinemati
 
uts, and we also ex
lude the last bin with no eventsbe
ause it lies outside the physi
al region. We perform a least squares �tusing Poisson statisti
s for the bins with small number of events followingRef. [36℄.With this pro
edure, and the VMD Ansatz, we reprodu
e approximatelythe NA48 best �t. We obtain aV = �0:466 with a �2=d:o:f: = 15:1=16 [27℄.We show this result in �gure 7 where we superimpose our best three-parameter�t whi
h has a �2=d:o:f: = 12:4=14 [27℄. The two �ts are nearly identi
al as
an be seen in the �gure and they are indistinguishable statisti
ally. Never-theless, when they are both expressed in terms of the three general parame-ters one 
an see they 
orrespond to very di�erent solutions. For the general�t, �1 = 4:51 ; �2 = �4:06 ; � = 0:93 ; (32)whereas for the VMD �t (in terms of aV ),�1 = 1:86 ; �2 = �6:24 ; � = 3:60 : (33)For the 
ase of the three-parameter �t we �nd that �1 and �2 are 
orre-lated as was dis
ussed in Ref. [26℄, so that there are many other �ts with a�2 near the minimum for the same value of �.As stated above, neither one of these �ts reprodu
es the experimentalrate, B(KL ! �0

) = (1:36 � 0:03 � 0:03) � 10�6 [33℄. The theoreti
albran
hing ratio predi
ted for aV = �0:466 (the NA48 value) is B(KL !�0

) = 1:1 � 10�6, and the one predi
ted for the three parameters inEq. (30) is B(KL ! �0

) = 1:0 � 10�6.2.5. Simultaneous �t to the shape of the d�=dm

 distributionand to the de
ay rateTo obtain a �t that reprodu
es the observed bran
hing ratio we pro
eedas in Eq. (31) but removing the arbitrary normalization,Ni = � 1�KL Zi dm

� d�dm

�N(KL)�A

eptan
ei +Ba
kgroundi ; (34)with the same notation of Eq. (31). We �rst attempt this �t with the VMDAnsatz and �nd that it is impossible to obtain a good �t. Our least squares �tusing the VMD Ansatz o

urs for aV = �0:64 and has a �2=d:o:f: = 69:7=16.
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Fig. 7. Two di�erent �ts to the data from Ref. [33℄, as explained in the text. Thesolid line is a one-parameter �t 
orresponding to Eq. (33), the dashed line is thethree-parameter �t shown in Eq. (32).We show this result as the solid line in �gure 8. The implied bran
hing ratiois B(KL ! �0

) = 1:27 � 10�6 and aV = �0:64 
orresponds to�1 = 2:56 ; �2 = �8:32 ; � = 4:99 : (35)Our best three parameter �t, on the other hand, has a �2=d:o:f: =15:8=14 and is shown as the dashed line in �gure 8. It implies a bran
hingratio B(KL ! �0

) = 1:35 � 10�6 in good agreement with the measuredone. The parameters for this best �t are,�1 = �2:59 ; �2 = �2:88 ; � = 0:57 : (36)We 
on
lude from �gure 8 that the VMD Ansatz 
annot reprodu
e the shapeof the spe
trum and the total de
ay rate simultaneously, but that the generalformula, Eq. (13) does a

ommodate both. We hope KTeV implements thegeneral analysis when they release their new result.We now 
onsider the dependen
e of our results on the parameter a2 thatappears in the B amplitude. This parameter is extra
ted from K ! 3�de
ays and up to now we have used the value a2 = 6:5 [18℄. However,the value of this parameter has a large un
ertainty, of order � 35%. Forexample, from the re
ent analysis of Ref. [37℄ one extra
ts a2 = 6:8� 2:4.
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Fig. 8. A simultaneous �t to the shape of d�=dm

 and to the de
ay rate. Thesolid line is a one-parameter �t 
orresponding to Eq. (35), the dashed line is thethree-parameter �t shown in Eq. (36).The analyti
 form for the B amplitude in Eq. (13) 
learly indi
ates thata2 and � are 
orrelated and this is 
on�rmed by our numeri
al study. It ispossible to obtain many equally good �ts to the data with di�erent values ofa2 and �. For example if we take the 
entral value from Ref. [37℄ and 1-sigmadeviations from it, we �nd good �ts to the shape and spe
trum with thevalues listed in Table II. This is not possible with the aV parameterization,where we 
annot �nd a good �t for any of these values of a2. TABLE IIThree-parameter best �ts for three di�erent values of a2, 
orresponding to its 
en-tral value from Ref. [37℄ and its 1-sigma deviations.a2 �1 �2 � �2=d:o:f:6.8 �2.82 �2.23 �0.03 16.2/144.4 �2.80 �1.31 �0.73 16.0/149.2 �2.72 �3.86 1.32 15.9/14
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onserving 
ontribution to KL ! �0e+e�The estimate of this 
ontribution starts with the absorptive 
ontribu-tion from the on-shell two-photon intermediate state to KL ! �0e+e�, asdepi
ted in �gure 9. KL �0
e+ e�

 
HW

Fig. 9. Contribution from the on-shell two-photon intermediate state toBCP(KL ! �0e+e�).The above 
ontribution is not the full absorptive part sin
e there is afurther 
ut due to on-shell pions. Moreover, the full CP-
onserving ampli-tude in
ludes a 
ontribution from the dispersive part of the amplitude, witho�-shell photons (and pions). The general form of the amplitude isMCP(KL ! �0e+e�) = G8�2EMKpK � (ke+ � ke�)(pK + p�)�u
�v; (37)where K is the result of the loop 
al
ulation and the extra antisymmetryunder ke+ $ ke� is a re�e
tion of the properties under a CP transformation.Introdu
ing a form fa
tor to regularize the virtual photon 
ouplings, anexpression for K [35℄ is obtained:K = B(x)16�2m2K "23 log m2��s!� 14 log��sm2e�+ 718# ; (38)where s = (ke+ + ke�)2. The log fa
tor is of 
ourse expe
ted, sin
e thephoton absorptive part 
omes from the expansion log(�s) = log s+ i�. Thisrepresentation of the amplitude leads to CP-
onserving bran
hing ratios asfollows:� Using the KTeV data:BCP(KL ! �0e+e�) = � 4:8 � 10�12 VMD7:3 � 10�12 three-parameter �t. (39)
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ia� Using the NA48 data, with only the results of the �t to the shape ofthe distribution, Eqs. (29) and (30),BCP(KL ! �0e+e�) = � 4:5� 10�13 ve
tor meson dominan
e1:4� 10�13 three-parameter �t . (40)� Using the results of the �ts to both rate and spe
trum measured byNA48, Eqs. (35) and (36), we �nd instead,BCP(KL ! �0e+e�) = � 14:6 � 10�13 ve
tor meson dominan
e2:7� 10�13 three-parameter �t . (41)Noti
e that the numbers obtained from NA48 data are an order of mag-nitude smaller than what is obtained using the KTeV data. We 
an see from�gure 10 why the NA48 result [33℄ implies a mu
h smaller BCPC(KL !�0e+e�) than the KTeV result [23℄ (� = �5 for the three-parameter �t or� = 7:5 for the aV �t). These two points are shown as the two internaldotted lines in �gure 10. It is 
lear from this �gure that the NA48 results
orrespond to a KL ! �0

 that produ
es a minimal CP-
onserving 
on-tribution in KL ! �0e+e�, i.e. it indi
ates that the two photons have anegligible D-wave 
omponent. The VMD result in Eq. (40) is 
onsistent withthe result reported by NA48. The latter is based on an analysis of the lowm

 region only and yields BCPC(KL ! �0e+e�) = (4:7+2:2�1:8) � 10�13 [33℄.The NA48 result is obtained from data with m

 below 110 MeV and istherefore model independent be
ause in that region the B amplitude domi-nates and the 
orrelation with the A amplitude implied by the VMD Ansatzdisappears.The two points from the 
omplete �t (rate and spe
trum) are shown asthe external dotted lines in �gure 10. Not surprisingly, the general three-parameter �t 
ontinues to agree with the model independent NA48 limit asit gives a good �t to both the rate and spe
trum. On the other hand, the�t in terms of aV alone does not reprodu
e the data very well and we 
andismiss its impli
ation of a larger BCP(KL ! �0e+e�).In �gure 10 we see why there are two di�erent solutions for � that resultin the same BCPC(KL ! �0e+e�). This CP-
onserving 
omponent dependsquadrati
ally on the B(z) amplitude of KL ! �0

, and therefore there aretwo values of � for any given BCPC(KL ! �0e+e�). They 
orrespond to
onstru
tive and destru
tive interferen
e between the term with a2 and � inEq. (13).



CKM Parameters from j�Sj = 1 Pro
esses 4301

Fig. 10. CP-
onserving 
ontribution to KL ! �0e+e� as a fun
tion of � witha2 = 6.5 [18℄. The dashed line shows the absorptive 
ontribution and the solidline the model of Ref. [35℄. The enlargement shows the results for the bran
hingratio vs. the four values of � = 0.57, 0.93, 3.60 and 4.99 from the three- andone-parameter �ts dis
ussed in the text. These are marked by verti
al dotted lines.2.7. Con
lusions on KL ! �0

The NA48 data for the rea
tion KL ! �0

 
an be a

ommodatedni
ely by the theoreti
al expression based on 
hiral perturbation theory atorder p6. With this expression it is possible to des
ribe simultaneously thetotal rate and the shape of the spe
trum, whi
h is not possible with 
hiralperturbation theory at order p4 [16℄. The 
ommonly used VMD Ansatz failsin this 
ase, and that it is impossible to �t both the rate and the shape ofthe spe
trum if this Ansatz is adopted, this is true for both the KTeV andNA48 data sets.The new results from NA48 indi
ate a very small D-wave 
omponent forthe photon pair and this leads to a predi
tion of a negligible CP-
onservingba
kground to KL ! �0e+e�. We have shown that this result is not anartifa
t of the VMD Ansatz and that it holds in the general parameterization.This result is at odds with the earlier KTeV data and we must wait for thenew KTeV results to see how this dis
repan
y is resolved.
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ia3. Hyperon de
ayI dis
uss CP violation in �! p�� 
ontrasting the standard model expe
-tations with upper bounds that 
an be saturated in new physi
s s
enarios.I review re
ent progress in the theoreti
al estimates.3.1. Introdu
tionIn non-leptoni
 hyperon de
ays su
h as �! p�� it is possible to sear
hfor CP-violation by 
omparing the angular distribution with the 
orrespond-ing anti-hyperon de
ay [38℄. The Fermilab experiment HyperCP is 
urrentlyanalyzing data sear
hing for CP-violation in su
h a de
ay.The rea
tion of interest for HyperCP is the de
ay of a polarized �, withknown polarization w, into a proton (whose polarization is not measured)and a �� with momentum q. The interesting observable is a 
orrelation inthe de
ay distribution of the formd�d
 � 1 + �w � q : (42)The bran
hing ratio for this mode is 63:9% and the parameter � has beenmeasured to be �� = 0:64 [5℄. The CP-violation in question involves a
omparison of the parameter � with the 
orresponding parameter �� fromthe rea
tion ��! �p�+:To obtain polarized �'s with known polarization, it is ne
essary to studythe double de
ay 
hain �� ! ��� ! p���� [39,40℄. This eventually leadsto the experimental observable being sensitive to the sum of CP-violation inthe � de
ay and CP-violation in the � de
ay.It is standard to write the amplitudes in terms of their isospin 
ompo-nents in the form S = S1eiÆS1 + S3eiÆS3 ;P = P1eiÆP1 + P3eiÆP3 : (43)A �I = 1=2 rule is observed experimentally, S3=S1 � 0:026 and P3=P1 =0:03 � 0:03 [41℄. The strong �N s
attering phases have been measured forthe I = 1=2 
hannel, ÆS1 � 6Æ and ÆP1 � �1Æ [42℄. The I = 3=2 s
atteringphases have been measured with large errors but are not needed here.To dis
uss CP violation, we allow the amplitudes in Eq. (43) to havea CP-violating weak phase, Si ! Si exp(i�Si ) and Pi ! Pi exp(i�Pi ) and
ompare the pair of CP 
onjugate rea
tions. CP symmetry predi
ts that� = �� and that �� = ��. One therefore de�nes the CP-odd observables
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esses 4303� � � � ��� + �� � p2S3S1 sin(ÆS3 � ÆS1 ) sin(�S3 � �S1 ) ;A(�0�) � �+ ���� �� � � sin(ÆP1 � ÆS1 ) sin(�P1 � �S1 ) � 0:12 sin(�P1 � �S1 ) :(44)The partial rate asymmetry is very small, being suppressed by three smallfa
tors, S3=S1, strong phases, and weak phases. It represents an interferen
ebetween amplitudes with �I = 1=2 and �I = 3=2. The asymmetry A(�0�),on the other hand, is not suppressed by the �I = 1=2 rule, as it originatesin an interferen
e of S and P -waves within the �I = 1=2 transition. Forthis reason, the observable A(�0�) is qualitatively di�erent from "0=".The experimental observable is [39, 40℄,A�� � A� +A� ; (45)and the 
urrent limit from E756 is A�� = 0:012 � 0:014 [39℄, and the ex-pe
ted sensitivity of HyperCP is 10�4 [40℄. Previous estimates for A��indi
ated that it o

urs at the few times 10�5 level within the standardmodel [43�45℄ and that it 
an be as large as 10�3 beyond the standardmodel [43,46�48℄. The larger asymmetries o

ur in models with an enhan
edgluon dipole operator that is parity-even and thus does not 
ontribute to "0.The 10�3 upper bound 
orresponds to the phenomenologi
al 
onstraint fromnew 
ontributions to the " parameter in kaon de
ay. This illustrates the rel-evan
e of the HyperCP measurement whi
h 
omplements the "0 experimentsin the study of CP-violation in �S = 1 transitions.The strong �N s
attering phases needed have been measured to beÆ�S � 6Æ and Æ�P � �1Æ with errors of about 1Æ [42℄. In 
ontrast, the strong�� s
attering phases have not been measured. Modern 
al
ulations basedon 
hiral perturbation theory indi
ate that these phases are small, with jÆ�S jat most 7Æ [49�54℄. For our numeri
al results, we will allow the �� phasesto vary within the range obtained at next-to-leading order in heavy-baryon
hiral perturbation theory [52℄,�3:0Æ � Æ�S � +0:4Æ ; �3:5Æ � Æ�P � �1:2Æ : (46)Eventually these phases 
an be extra
ted dire
tly from the measurement ofthe de
ay distribution in � ! �� [40℄. I now summarize the e�orts todetermine the weak phases.
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ia3.2. Chiral perturbation theoryThe 
hiral Lagrangian that des
ribes the intera
tions of the lowest-lyingmesons and baryons is written down in terms of the lightest meson-o
tet,baryon-o
tet, and baryon-de
uplet �elds [55�58℄. I will illustrate the termsinvolving o
tet �elds only and refer you to the literature for in
orporatingthe de
uplet. The meson and baryon o
tets are 
olle
ted into 3�3 matri
es' and B. The o
tet mesons enter as dis
ussed before.In the heavy-baryon formalism [58, 59℄, the baryons in the 
hiral La-grangian are des
ribed by velo
ity-dependent �elds, Bv. For the strongintera
tions, the leading-order Lagrangian is given by [58�60℄L(1)s = Tr( �Bv iv � DBv) + 2DTr � �BvS�v �A�; Bv	�+ 2FTr � �BvS�v �A�; Bv�� ;(47)where Sv is the spin operator, andA� = i2 �� ���y � �y ���� = ��'2f + O('3) ; (48)with further details given in Ref. [61℄. In this Lagrangian, D, F and other
onstants asso
iated with the de
uplet are free parameters whi
h 
an bedetermined from hyperon semi-leptoni
 de
ays. Fitting tree-level formulas,one extra
ts [58, 59℄D = 0:80 ; F = 0:50 : (49)The nonrelativisti
 quark model yields relations [60℄ between these param-eters.At next-to-leading order, the strong Lagrangian 
ontains a greater num-ber of terms [62℄. The ones of interest here are those that expli
itly break
hiral symmetry, 
ontaining one power of the quark-mass matrix M =diag(0; 0;ms) . For our 
al
ulation of the fa
torization of the penguin oper-ator we will need these terms in the form,L(2)s = 14f2Tr(�+) + bD2B0Tr( �Bv ��+; Bv	)+ bF2B0Tr( �Bv ��+; Bv�) + b02B0Tr(�+)Tr( �BvBv) ; (50)where we have used the notation �+ = �y��y + ��y� to introdu
e 
ouplingto external (pseudo)s
alar sour
es � = s + ip su
h that in the absen
e ofthe external sour
es this term redu
es to the mass matrix � = 2B0M: Aswill be dis
ussed in the next se
tion, we also need from the meson se
tor thenext-to-leading-order LagrangianL(4)s = L5Tr(���y��� �y�+�) + � � � ; (51)
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esses 4305where only the relevant term is expli
itly shown. In these Lagrangians, B0,bD;F;0, 
, 
0, and L5 are free parameters to be extra
ted from data.As in the meson se
tor, the weak intera
tions responsible for hyperonnon-leptoni
 de
ays are des
ribed by a j�Sj = 1 Hamiltonian that trans-forms as (8L; 1R) � (27L; 1R) under SU(3)L�SU(3)R rotations. It is alsoknown from experiment that the o
tet term dominates the 27-plet term,as indi
ated by the fa
t that the j�Ij = 1=2 
omponents of the de
ayamplitudes are larger than the j�Ij = 3=2 
omponents by about twentytimes [41, 61℄. We shall, therefore, assume in what follows that the de
aysare 
ompletely 
hara
terized by the (8L; 1R), j�Ij = 1=2 intera
tions. Theleading-order 
hiral Lagrangian for su
h intera
tions is [55, 63℄Lw = hDTr� �Bv n�yh� ; Bvo�+ hFTr� �Bv h�yh� ; Bvi� ; (52)where h is a 3�3 matrix with elements hij = Æi2Æ3j ; and the parametershD;F 
ontain the weak phases.The Lagrangian Eq. (52) is thus the leading-order (in �PT) realizationof the e�e
tive j�Sj = 1 Hamiltonian in the standard model,Hw = GFp2 V �udVus 10Xi=1 CiQi + H:
 ; (53)where GF is the Fermi 
oupling 
onstant, Vkl are elements of the Cabibbo�Kobayashi�Maskawa (CKM) matrix [2℄,Ci � zi + �yi � zi � V �tdVtsV �udVus yi (54)are the Wilson 
oe�
ients, and Qi are four-quark operators whose expres-sions 
an be found in Ref. [7℄. Writing the Vkl in the Wolfenstein parame-terization [3℄ we haveV �udVus = � ; V �tdVts = ��5A2 (1� �+ i�) (55)at lowest order in �. For our numeri
al estimates, we will employ [64℄� = 0:2219 ; A = 0:832 ; � = 0:339 : (56)We now have all the ingredients ne
essary to 
al
ulate the weak de
ayamplitudes in terms of the parameters hD;F and 
8 (only the �rst two areneeded at leading order and 
8 is related to g8 dis
ussed earlier). The am-plitude for the weak de
ay of a spin-12 baryon B into another spin-12 baryonB0 and a pseudos
alar meson ' has the general form [63℄iMB!B0� = �ihB0�jLw+sjBi = �uB0 �A(S) + 2Sv �p�A(P )� uB ; (57)
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iawhere the supers
ripts refer to the S- and P -wave 
omponents of the am-plitude. We further follow the 
onvention [63℄,a(S;P )BB0� � p2 f A(S;P )B!B0� (58)to express our results. With the Lagrangians given above, one 
an derive theamplitudes at leading order, represented by the diagrams in �gure 11. The�gure indi
ates that the S-wave is dire
tly obtained from a weak vertex fromEq. (52). The leading 
ontribution to the P -wave arises from baryon-polediagrams whi
h involve a weak vertex from Eq. (52), a strong vertex fromEq. (47), and a mass di�eren
e (for the baryon propagator) from Eq. (50).The leading order results are [55, 57, 63℄,a(S)�+n�+ = 0 ; a(S)��n�� = �hD + hF ;a(S)�p�� = 1p6 (hD + 3hF ) ; a(S)����� = 1p6 (hD � 3hF ) ;a(P )�+n�+ = �D (hD � hF )m� �mN � 13D (hD + 3hF )m� �mN ;a(P )��n�� = �F (hD � hF )m� �mN � 13D (hD + 3hF )m� �mN ;a(P )�p�� = 2D (hD � hF )p6 (m� �mN ) + (D + F ) (hD + 3hF )p6 (m� �mN ) ;a(P )����� = �2D (hD + hF )p6 (m� �m�) � (D � F ) (hD � 3hF )p6 (m� �m�) : (59)The leading nonanalyti
 
ontributions to the amplitudes have been 
al
u-lated by various authors [55,63,65,66℄. We will adopt the results of Ref. [66℄for the numeri
al estimate of our un
ertainty.On
e we spe
ify the value of the weak 
ouplings hD;F the expressionsin Eq. (59) determine the leading order amplitudes. It is well known thatthis representation does not provide a good �t to the measured P -wave am-plitudes, and that higher order terms are important [55, 57, 63, 65�67℄. Thepro
edure that we adopt to estimate the weak phases is to obtain the realpart of the amplitudes from experiment (assuming no CP-violation), and touse Eq. (59) to estimate the imaginary parts. The dominant CP-violatingphases in the j�Ij = 1=2 se
tor of the j�Sj = 1 weak intera
tion o

urin the Wilson 
oe�
ient C6 asso
iated with the penguin operator Q6. Ourstrategy will be to 
al
ulate within a model the imaginary part of the 
ou-plings hD;F;C and 
8 indu
ed by Q6. As a numeri
al result we propose a
entral value from leading order �PT (Eq. (59)), and an estimate of the errorfrom the non-analyti
 
orre
tions obtained with the expressions in Ref. [66℄.
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pFig. 11. (a) B ! B0 transition due to Q6, solid square. (b) S-wave obtained from(a) via a soft-pion theorem. (
) P -wave obtained from (a) with strong pion emission(solid 
ir
le). 3.3. Estimate of 
ountertermsOur goal is to mat
h the dominant j�Ij = 1=2 CP-violating term fromthe standard model e�e
tive weak Hamiltonian in Eq. (53) to the weak
hiral Lagrangian in Eq. (52). That is, to 
ompute the imaginary part ofthe parameters hD, hF and 
8 that is indu
ed by ImC6Q6 in Eq. (53).To do this we will in
lude both fa
torizable 
ontributions that arise fromregarding the operator Q6 as the produ
t of two (pseudo)s
alar densities,and dire
t (non-fa
torizable) 
ontributions 
al
ulated in the MIT bag model.The non-fa
torizable 
ontributions are easily obtained from the obser-vation that the weak 
hiral Lagrangian of Eq. (52) is responsible for non-diagonal �weak mass terms� su
h ashnj(Hw)8j�i = hD + 3hFp6 �unu� ;h�j(Hw)8j�0i = hD � 3hFp6 �u�u� ;h���j(Hw)8j
�i = �hCp3 �u�� � u
 ; (60)where the subs
ript 8 denotes the 
omponent of Hw that transforms as(8L; 1R). These terms 
an be 
omputed dire
tly from the short-distan
eHamiltonian in Eq. (53) by 
al
ulating the baryon�baryon matrix elementsof the four-quark operators in the MIT bag model [68℄,ImhD = 0:028 y6 ; ImhF = 0:25 y6 ; (61)
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iaThe units are (p2f�GFm2��4A2�), 
hosen to separate both the 
onventionalnormalization for the hyperon de
ay amplitudes as in Eq. (58) and the rel-evant 
ombination of CKM parameters that o

urs in the observable A.To obtain the fa
torizable 
ontributions to the imaginary part of theparameters hD;F;C we follow the pro
edure used in kaon physi
s for 
8 [69℄.We start from the observation that the quark-mass terms in the QCD La-grangian 
an be written asLm = � 12B0 ��qL � qR + �qR �y qL� ; (62)where qL = 12(1� 
5)q and qR = 12(1+ 
5)q; with q = (u d s)T : It followsthat ��qlL qkR = 2B0 ÆLmÆ�lk ;��qlR qkL = 2B0 ÆLmÆ�ylk : (63)The weak Lagrangian 
orresponding to a fa
torized Q6 is then given byEq. (52) withhD = GF �p2 8C6 f2B0 bD ; hF = GF �p2 8C6 f2B0 bF : (64)The values of bD, bF 
an be found by �tting the mass formulas derived fromthe Lagrangian in Eq. (50), with � = 2B0M; to the measured masses of theo
tet and de
uplet baryons. Thus one �ndsbDms = 0:0301 GeV ; bF ms = �0:0948 GeV ; (65)for mu = md = 0: In this limit, the Lagrangian in Eq. (50) also givesm2K = B0ms: Using ms = �ms(� = m
) = 170MeV from Ref. [7℄, one thenhas bD = 0:177 ; bF = �0:558 ; 
 = 1:30 ; B0 = 1:45GeV : (66)Correspondingly we use for our numeri
al estimatesB0(�) = � m2Kms(�) +md(�)� � 1:38 GeV :
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esses 43093.4. Numeri
al resultsIf Eq. (59) provided a good �t to the hyperon de
ay amplitudes, it wouldbe straightforward to 
al
ulate the weak phases of Eq. (44). We wouldsimply divide the imaginary parts of the amplitudes by the real part ofthe amplitudes obtained from a mat
hing of the parameters hD;F to theshort distan
e Hamiltonian. However, as we mentioned before, leading-order
hiral perturbation theory fails to reprodu
e simultaneously the S- and P -wave amplitudes. Consequently we are for
ed to employ the real part of theamplitudes that are extra
ted from experiment under the assumption of noCP violation.We assume that the real part of the weak de
ay amplitudes originatespredominantly in the tree-level operators Q1;2, and that the imaginary partof the amplitudes is primarily due to the ImC6Q6 term in the weak Hamil-tonian. This is true both in the bag model and in the va
uum saturationmodel of Ref. [44℄. With these assumptions we 
al
ulate a 
entral value forthe imaginary part of the weak de
ay amplitudes using Eq. (59) with valuesfor ImhD;F obtained in the previous se
tion by adding the fa
torizable andnon-fa
torizable 
ontributions. We estimate the un
ertainty in this predi
-tion by 
omputing the leading non-analyti
 
orre
tions with our values forIm hD;F .For the numeri
al results below, we use the leading-order (in QCD) Wil-son 
oe�
ients at � = m
 = 1:3GeV listed in Table XIX of Ref. [7℄. Inparti
ular, y6 = �0:096 ; (67)
orresponding to �(4)MS = 325MeV:Numeri
ally we �nd un
ertainties in �S and �P of order 100% and 50%,respe
tively, for both de
ays. We present our predi
tions for these phasesand also the resulting phase di�eren
es in Table III [68℄. The errors for thedi�eren
es have been obtained by adding the individual errors. We have also
olle
ted strong-phase di�eren
es in this table. Combining these results weTABLE IIIWeak phases in units of ��5A2, and strong-phase di�eren
es, ÆS � ÆP .De
ay mode �S �P �S � �P ÆS � ÆP� ! p���� ! ��� 1:0� 1:00:9� 0:9 1:2� 0:6�0:6� 0:3 �0:2� 1:61:5� 1:2 7Æ � 2Æ1:1Æ � 2:8Æ
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ia�nally obtain A(�0�) = A� = (0:03 � 0:25) A2�5� ;A(��� ) = A� = (�0:05� 0:13) A2�5� ; (68)leading to A�� = A� +A� = (�0:02� 0:38) A2�5� : (69)With the CKM parameter values given in Eq. (56), we have A2�5� ' 1:26�10�4 and, therefore,�3� 10�5 � A� � 4� 10�5 ; �2� 10�5 � A� � 1� 10�5 ; (70)�5� 10�5 � A�� � 5� 10�5 : (71)3.5. Beyond the Standard ModelThere have been several estimates of A(�0�) beyond the standard model.For the most part these studies dis
uss spe
i�
 models, 
on
entrating on oneor a few operators and normalizing the strength of CP violation by �tting ".Some of these results (whi
h have not been updated to in
orporate 
urrent
onstraints on model parameters) are:A(�0�) = 8><>:�2� 10�5 SM [43℄�2� 10�5 3 Higgs [43℄0 Superweak6� 10�4 LR [47℄ (72)Perhaps a more interesting question is whether it is possible to have largeCP violation in hyperon de
ays in view of what is known about " and "0.This question has been addressed in a model independent way by 
onsider-ing all the CP-violating operators that 
an be 
onstru
ted at dimension 6that are 
ompatible with the symmetries of the standard model [46℄. Withthis general formalism one 
an 
ompute the 
ontributions of ea
h new CP-violating phase to "; "0, and A(�0�). Of 
ourse, there is the 
aveat that thehadroni
 matrix elements 
annot be 
omputed reliably. Nevertheless, one�nds in general, that parity even operators generate a weak phase �P1 anddo not 
ontribute to "0. Their strength 
an be bound from the long distan
e
ontributions to " that they indu
e. Similarly, the parity-odd operatorsgenerate a weak phase �S1 and 
ontribute to "0 (but not to ").The 
onstraints from "0 turn out to be mu
h more stringent than thosefrom ", and, therefore, the only natural way (without invoking �ne 
an
el-lations between di�erent operators) to obtain a large A(�0�) given what weknow about "0 is with new CP-odd, P-even intera
tions. Within the model
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esses 4311independent analysis, one 
an identify a few new operators with the requiredproperties, that 
an lead to [46℄,A(�0�) � 5� 10�4 P� even;CP� odd : (73)This possibility has been revisited re
ently, motivated in part by the ob-servation of "0. The average value "0=" = (21:2�4:6)�10�4 [70℄ appears to belarger than the standard model 
entral predi
tion with simplisti
 models forthe hadroni
 matrix elements. This has motivated sear
hes for new sour
esof CP violation that 
an give large 
ontributions to "0, in parti
ular, withinsupersymmetri
 theories. One su
h s
enario generates a large "0 through anenhan
ed gluoni
 dipole operator [71℄. The e�e
tive Hamiltonian is of theform He� = (Æd12)LRCg �d���ta(1 + 
5)sGa��+ (Æd12)RLCg �d���ta(1� 
5)sGa�� : (74)The quantity Cg is a known loop fa
tor, and the (Æd12)LR;RL originate inthe supersymmetri
 theory [72℄. Depending on the 
orrelation between thevalue of (Æd12)LR and (Æd12)RL one gets di�erent s
enarios for "0 and A(�0�) asshown in �gure 2 [48℄. For example, if only (Æd12)LR is non-zero, there 
an be������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
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Fig. 12. The allowed regions on (j("0=")SUSYj; jA(�0�)SUSYj) parameter spa
efor three 
ases: (a) only Im(Æd12)LR 
ontribution, whi
h is the 
onservative 
ase(hat
hed horizontally), (b) only Im(Æd12)RL 
ontribution (hat
hed diagonally), and(
) Im(Æd12)LR = Im(Æd12)RL 
ase whi
h does not 
ontribute to "0 and 
an give a largejA(�0�)j below the shaded region (or verti
ally hat
hed region for the 
entral valuesof the matrix elements). The last 
ase is motivated by the relation � =pmd=ms.The verti
al shaded band is the world average [70℄ of "0=". The region to the rightof the band is therefore not allowed.
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iaa large "0 [71℄, but A(�0�) is small as in the 3-Higgs model of [43℄. However,in models in whi
h Im(Æd12)LR = Im(Æd12)RL the CP-violating operator isparity-even. In this 
ase there is no 
ontribution to "0 and A(�0�) 
an be aslarge as 10�3 [48℄. It is interesting that this type of model is not an ad-ho
model to give a large A(�0�), but is a type of model originally designed tonaturally reprodu
e the relation � =pmd=ms, as in Ref. [73℄, for example.3.6. Con
lusion and 
omments on hyperon de
ayE871 is expe
ted to rea
h a sensitivity of 10�4 for the observable A(�0�)+A(��� ). I 
on
lude that a non-zero measurement by E871 is not only possiblebut that it would provide valuable 
omplementary information to what wealready know from "0. It would almost 
ertainly indi
ate physi
s beyond thestandard model.Finally I would like to mention two related issues. A sear
h for �S = 2hyperon non-leptoni
 de
ays is also a useful enterprise as it provides infor-mation that is 
omplementary to what we know from K � �K mixing [74℄.A CP-violating rate asymmetry in 
 ! �� de
ay 
an be as large as 2�10�5within the standard model (and up to ten times larger beyond), mu
h largerthan the 
orresponding rate asymmetries in o
tet-hyperon de
ay [75℄.This work was supported in part by DOE under Contra
t NumberDE-FG02-01ER41155. I wish to thank the organizers of the S
hool andin parti
ular Mi
haª Praszaªowi
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