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   In order  to study  if the  standard  six-quark  model  is compatible  with  CP  violation  in K-2rr

decays, the  parameter  B  is calculated.  Theoretical errors  associated  with  the  evaluation  of  B
based on  SU(3), PCAC  and  K'.  ff'ffO  data are  estimated.  It is found that in order  to find if the
standard  six-quark  model  is compatible  with  CP  violation  experiments  it is most  important to
obtain  a  better upper  bound on  the ratio  of  semi-leptonic  branching ratios  of  B-mesons  Br(b-  uly)

fBr(b-cly) experimentally.

                             Sl. Introduction

   The  purpose  of  this article is to study  if the CP  violation  in K.2n  decays is

cornpatible  with  the standard  six-quark  rnodel  for strong,  weak  and  electromagnetic

interactions.i),2)

   In this model  the siource of  the CP  violation  is the  angle  6 which  appeXars  in the weak

charged-current,

     J. -(g,i  2v{})( ti, c-, t") ir. (i+ 7,) u(gh,  (i･ i)

                                  Xbl
where

     u= (gic,i ･i,ll21cl3.
-

.sili:i.glll,lsl,m+.si:lzlj)
 ,,.,,

In the  3 × 3 unitary  matrix  U,  ci=cesei  and  sirr-sinei,  and  ei, 02, e3 and  6 are  Kobayashi-

Maskawa  angles.

   As is well  known, the CP  violating  K->2n  decay amplitudes  are  expressed  as3)

     rp+-=A(KL.n'z-)IA(Ks.n'fl-)  :=E+er  
,

     rpoo=A(KL-nOzO)IA(Kls-nOrrO)=e-2E'.  (1･3)

The  CP  violation  parameters  e and  e' are  expressed  as

     E =` 2i>E 
e'nt`[ ltlllSi: +2  

IRM..A4
 
,O
 ],
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automatically  obey  the ZU=112  rule  and,  therefore, ImA2=O  in  (1'4).

     ,･R  
-Sezx/4(

 :gl:) ( keio ).
    According to recent  experimental  results,`)'5)

     s7e=O.OO17 ± O.O082 (BNL-Yale)

         
=:

 
-O.O046

±O.O058 (FNAL-Saclay).

From  (1･8), (1･9) and  experimental  results  ReA21ReAo  tl120,  we  find

<IImMi21  ReMi21 and,  therefore,

     Ef:-eint`(ImMi2)f(htim).

    Hence, the purpose of  the phenomenological  study  of  the CP
decays is to calculate  Ao, A2  and  Mi2 theoretically. Though
violation  is incomplete without  reproducing  ReA

only  ImMi2 and  IrnAo in this article.  The  reason  is the fact that the
6 appears  only  in ImMi2  and  ImAo  and  the fact that  ReMi2  and

long-distance contributions6)  which  we  cannot  calculate  reliably  at

article  we  use  experimental  results  as  the magnitudes  of  ReMi2, ReAo

   Long-distance contributions  to ImMi2  and  rmAo
the quark  amplitude  s-,  u+  ti+d  is real.

tions from  intermediate states  with  mass)2mc)

by the box-diagrams,S) MibzOX,

     ImMib20X=-(GF216n2).fir2mKmc2si2s2s3sin6B

             × [Nrpi+rp2(sz2+s2s3cos6)(mtlmc)Z+ij31n(mtlm.)2],

     ReMP20X :=  
-

 ( GE21 12 rr2) fk2mrcmc2si2Bopi,

where  GF=  1.166 ×  10-5GeV-2, lk ==

of  c-quark,  respectively.  Here

     rpifeO.7, rp2ftO.6 and  rp3,":O.4

are  QCD  enhancement  factors,9) and  the parameter  B  defined by

where

     A,exp(i6D=<(rrn)ilH.[KO>,

     Ai"exp( i6D =<(  nn)AHw  kO>, (1･5)

     M,,.. 2-p<KOIHwln><nlHwlKO>, (1.6)
                      MK-Mn          n#KO,Ko

     
-2ReMi2=

 Am=mL-ms,  (1･7)

   Since all  phase  conventions  are  chosen  so  that  the predominant  quark  amplitude

contributing  to K-}2rr decays s-> u+  u-+d  is real,  the CP  violation  is associated  with  the

imaginary part of  the  quark  amplitudes  s.c+  c-td  and  s.t+  t +d.  These amplitudes

                                                    
`

 Thus, we  obtain

(1-8)

       (1･9)

1 2 ImAo/  ReAol

                               (1･10)

                      violation  in K-->2n

                  theoretical study  of  CP

    o, ReA2  and ReMi2  theoretically, we  study

                      CP  violation  angle

                    ReAo  have  significant

                       present.7} In this

                       and  ReA2.

        are  considered  to be negligible  since

Short-distance contributions  to Mi2 (eontribu-
     are  considered  to be well  approximated

                                       (1･11)

157MeV,  and  nzK  and  mc  are  the mass  of  kaons and  that

(1･12)
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             3
                ,<kO[OdS-･21KO>  (1･13)     B=-
           4 mKf.

is the measure  of  the matrix-element  of  the AS=2  operator

     OdSi=2==[slr.(1+7s)d,][sl-k(1+7s)di] (1'14)

compared  to the value  calculated  by inserting the vacuum  in all possible ways.  In
deriving (1･11) we  have  assumed  mt2<mve2  and  used  the experimental  results  s2, s3<1,

which  are  obtained  from  experimental  information on  semileptonic  B-meson  decays.ie)

   Therefore, theoretical study  of  CP  violation  in the standard  six-quark  model  reduces

to theoretical evaluation  of  the parameter  B  and  the imaginary  part  of  the matrix-element

Ao  =<(rrn)i=olHw]KO>exp(-i6o),  where  Hw  is the effective  Hamiltonian  for strangeness

changing  nonleptonic  interaction, in which  the effects  of  virtual  hard gluons are  included
through  the  renormalization  group  equation,9)!ii)

     H.=vXiiiG.s,c,c, S] C,O,+h.c., (1･15)
                   in-1

where

     Ol=  dLsL u-LuL-  dL zaL u-LsL  ,

     O,=d.s.u-.u.+d.uLu-LsL+2d.sLdLdL+2d.sLs-LsL,

     O,= dLsL u-LuL+  dLuL u-LsL+2dLsLdLdL-3dLsL  s-LsL 
,

     O, ==  dLs. u-. za.+  dL bl. bl-.s.-  d.sL d.d. ,

     O,=d.Aas.(ti.Aau.+d.Aad.+s-.las.),

     O,=d.s.(  u-.u.+  d.d.+  sL.s.)  (1･16)

and  d-LsL is' a  short  hand  for d-i7'"(1+rs)sif2 and  u-RA"uR  for u-,-(Aa)i,･7.p(1-?ts)zaY2.

Here, Aa is a A-matrix of  the color  SU(3) group  with  Tr(A"Ab) =26ab.  The  following set

of  coeMcients  has been obtained  by Gilman  and  Wise,ii)

     C,=-2.6+O.062T,  C,=O.1-O.O06T,

     C3=O.08, C4:::O.4, C,=-O.10-e.lor,
                                        t

     C,=-O.030-O.059T ･
 

'
 (1･17)

for ANiT,=O.IGeV, mt:=30GeV  and  as(ptZ)=1,  where  T=s22+s2c2s3exp(-i6)lcic3.

Among  six  operators  Oi, only  04 is a  tiI =3/  2 operator  which  contributes  only  to A2  and

all 6thers are  dl :=  112 operators  which  contribute  only  to Ao.

   In g2 the magnitude  of  the parameter  B  is evaluated.  The  result  has already  been
derived by  Donoghue,  Golowich  and  Holstein,i2) but there is a  controversy  on  their

evaluationi3)  of  B. In this article  we  have  checked  all  the assumptions  which  are

necessary  in order  to derive their result  and  have  estimated  theoretical errors.  Discus-

sion  and  conclusions  are  given in g3.
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                      g 2. Evaluation of  the parameter  B

    The  magnitude  of  the parameter  B  can  be extracted  from  Al  =3f  2 K-,  2rr decay data

by making  use  ef  SU(3) symmetry,  PCAC  and  current  algebra  since  both B  and

<rr H.`'=3'21K>, which  is derived from <rrzlHwAi=3i21K> by the soft-pion  reduction  rpethod,

are  matrix-elements  of  the operators  which  transform as  (27L, IR) under  the chiral-

symmetry  group  SU(3)LXSU(3)R  between one-octet-pseudoscalar-meson  states.

Though  the evaluation  of  B  in this method  has been done by Donoghue, Golowich and
Holstein,i2) we  repeat  the derivation in order  to estimate  the error  associated  with  this

estimation  of  B.

    Here, the matrix-element  <rrIHwA'=!S'2iK> is derived from <rr'(q+)rrD(qo)l
H."'=9'2iK'(qK)> through  the soft-pion  reduction  method  by assuming  that the K'-rr'

+zO  decay  amplitude  is a linear function of  q+2, qo2 and  qK2,

     (8q+oqooqKo)ii2<n'(q+)nO(qo)IH.A'=3t21K'(qK)>

       =A+Bq+2+CqoZ+DqK2.  (2'1)

The  error  associated  with  this approximation  is not  expected  to be significant  since  there

are  no  resonances  in I=2  nn  state.  The  error  is considered  to be less than  about  20%

since  the slopes  of  the Dalitz plots of  K-3rr  decays derived by assuming  the momentum

dependence  similar  to (2･1) and  the soft-pion  reduction  method  agree  with  the exper-

imental results  within  an  error  of  about  20%.i`)±i5)

   There  are  two  conditions  on  the K'-n'+nO  decay  amplitude.  One  is the SU(3)

condition  that the K->2rr decay  amplitudes  should  vanish  in the SU(3)  symmetry  limit,i6)

i.e.,

     <rri(qi)rr2(q2)IH'wlK(qK)>=O at  qK2=qi2=q22  (2･2)

and  another  is the SU(2) relation  in the soft-pion  limit,

     
-41im<n'(P)rrO(q)[H.d'=3i2K+(p+q)>

        9-e
           =lim<n'(q)rrO(p)IH.d'=3'21K'(P+q)>,  (2'3)
            q-.o

where  Al=3/2  interaction H.d'=3i2 is given  by

     H.Al-3t2=vX2GFslc,c3C4O,. (2･4)

The  errors  associated  with  the SU(3) and  SU(2) conditions  (2･2) and  (2･3) are  consider-

ed  to be less than about  10%  and  5%,  respectively."}

   Thus, we  find

 
*)

 According  to  the leading corrections  of  order  mK`lnmK  in chiral perturbation  theory,

   (8qKoq+eqvo)U!<n+nO[Erw-=3i21K+>14fftig.:=got=-mK:,,s

   × {(8qKoq.oqoo)it2<"+nOIHwdi!3r21K+>iq.2!･.m.t,g.2=g,t=rm.z}-i

   =[--(53mK2154)(4?cf},)'21n(mK!pt)21f[1-(9mK2f2)(4itLfl)'21n(mic!pt)2],

   = O.08 ,

   where  f}r=132MeV and  y=1  GeV.
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     (8qK,qtoaoe)ii2<a'(q+)ze(qo)iH."=3i2K"(qK)>

       =(11JIS)A2(3qK2-4a+2+qo2)1(mn2-mK2),  (2･5)

where  the magnitude  of  the AI =J312  amplitude  A2  is estimated  to be

     A,=1.30× 10"5MeV  (2･6)

from  the experimental  value  of  the K'-,  rr'nO  decay ratei7) with  13%  correction  (reduc-
tion) due  to isospin breaking.i2)

   Hence, by making  use  of  the soit-pion  reduction  method,  which  is expected  to hold

with  an  error  less than about  15%,  we  obtain

     (2qo)<rr'(q)IH."'=3i21K'(q)>

        :V{}fl:lim[8Poqo(Po+qo)]i'2<n'(q)nO(p)IH."==3'21K'(p+q)>

             p-o

       =(fh!ts)A2q2f(mK2-m.2).  (2'7)

By  summing  up  the errors  thus estimated,  we  find that  the  error  associated  with  this

relation  is estimated  to be less than  about  50%

    By making  use  of  the  SU(3)  relation,

     <KO(a)10MS=21rtO(q)>=8(fklf},)<z'(q)1041K'(a)>, (2'8)

we  finally obtain

     B=(3s/l}1(]FmKArfasiC4)<7r'(q)IHw"=3'21K'(q)>iq2--m.2

       ..nt!  (A,IG.m.2.fi,s,C4)

       :=O.38.  (2･9)

The  error  associated  with  the SU(3) relation  (2･8) is estimated  to be less than 50%.
Here, we  have  assigned  a  generous  error  since  there are  ambiguities  due to factors like

.firlfh( \1.2)  which  is equal  to 1 in the  SU(3) symmetry  limit

    Finally, we  have  obtained  the following prediction  for the parameter  B,

     B=O.38 × 2 to O.38× 112

       =O.8  to O.2. (2･10)

    However,  there  is an  objectioni3)  against  ehe result  (2･9). In chiral  perturbation

theory this result  is the result  of  the leading order  calculation.  The  leading corrections

of  order  mK`lnmK2  have  been calculated  in Ref. 13), and  the corrections  have  been  found

to be Iarge for the dS=2  matrix-e]ement.  The  result  (2･9) should  be multiplied  by a

factor")

  
*)

 If we  use  f} instead of  f}c in (1'13) and  1instead of fkff}r in (2･8), (2･11) becomesiB'

        1-(55!  6) "zK:(4aflt)-21n(mKfy)2  :2.15

    since

        ftf!flr=1-(3f2)mff2(4zAe)-21n(mKf")2el,19.
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     1-(2313)  mK2(4njfx)-21n(mKl")2=  L97  (2･11) -

(for pt =1  GeV). Thus, it is concluded  in ReL  13) that the large correction  (2'11) indicates

that  chiral  perturbation theory  for B  has broken down.

   Our  comment  on  this conclusion  is as  follows. Even  if chiral  perturbation theory  for

B  breaks down,  our  experience  in hadron  physics  teaches  us  that our  prediction  for B  with

estimated  error  (2･10) is quite reliable  as  we  have shown.  We  do not  have to regard  it
as  the result  of  chiral  perturbation  theory.*)

g3. Discussion and  conclusion

   Next  let us  eva]uate  ImAo, We  can  evaluate  it by  making  use  of  the soft-pion

reduction  method  as  we  have  done in g2 and  by inserting the vacuum  in <zlOilK> (i44)
in all possible way,  Our  experience  in the evaluation  of  

'B
 has shown  us  that the real

value  can  be less than  116(  :O.16)  of  the predicted  value  in this method.  Situation is

worse  in this case  since  Se\n74  while  62=O. Thus, it is very  diMcu]t to find if CP

violation  is compatible  with  the standard  six-quark  model  by studying  the ratio  E'/E.

   Therefore, for our  purpose  the best way  is to study  if the theoretica] prediction

     Reee(ImMi2)f4(ReMi2)

        =[(1-D)14](ImMib20X)1(ReMib20X)

         ==  (B1 2), s2s3sin  8

          × [-rpi+rp2(s22+s2s3cos6)(mt/mc)2+rp31n(mtlm.)2]

is compatib]e  with  the experimental  result,  ReE=(1.621 ± O.088) × 10-3.

we  have  used  the relation,

     -2
 ReMib20X tf rpiBtimi(1-D)tim

               =-2(1-D)ReMi2･

   For this purpose we  need  information on  sz and  s3, which  can  be

following experimental  resultsiO)  on  the B-meson  decays,

     z･,=(1.26 ± O.16)× lo-Ms,

     Br(B  
---

 Xlv) =:  (11.7± O.6)% ,

     Br(b. uly)!  Br(b.cly)<O.08, prebably O.04 .

   It has been foundiO) that our  result  B=(O.8  to O.2)

but that it is incompatible with  (3･1) if

order  to find if the standard  six-quark  model  is compatible  with  the

ments,

decay  of  B-mesons  and  to obtain  better upper  bound  on

 
")
 It is interesting to notice  that the correction  factors to both (2･7) and  {2･8) are

        1-(23!6)mK2(4pzfl)J21n(mKlp)2=:1,48

   in chiral perturbation theory.

        (3･1)

In deriving (3･1),

        (3･2)

derived from  the

                                                              (3･3)

                                       is compatible  with  (3'1) and  (3･3),
                              Br(b-ulv)IBr(b.clv)<O.03. Therefore, in

                                                   CP  violation  experi-

it is most  important to find a  reliable  phenomenological  rnodel  on  the semileptonic

                                           Br(b.  ulv)!Br(b-clu)  exper-
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imentally.
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