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Updated analysis of«8Õ« in the standard model with hadronic matrix elements
from the chiral quark model
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We discuss the theoretical and experimental status of theCP violating ratio «8/«. We revise our 1997
standard-model estimate—based on hadronic matrix elements computed in the chiral quark model up toO(p4)
in the chiral expansion—by including an improved statistical analysis of the uncertainties and updated deter-
mination of the Cabibbo-Kobayashi-Maskawa elements and other short-distance parameters. Using normal
distributions for the experimental input data we find Re«8/«5(2.260.8)31023, whereas a flat scanning gives
0.931023,Re «8/«,4.831023. Both results are in agreement with the current experimental data. The key
element in our estimate is, as before, the fit of theDI 51/2 rule, which allows us to absorb most of the
theoretical uncertainties in the determination of the model-dependent parameters in the hadronic matrix ele-
ments. Our semiphenomenological approach leads to numerical stability against variations of the renormaliza-
tion scale and scheme dependence of the short- and long-distance components. The same dynamical mecha-
nism at work in the selection rule also explains the larger value obtained for«8/« with respect to other
estimates. A coherent picture ofK→pp decays is thus provided.
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I. INTRODUCTION

The violation ofCP symmetry in the kaon system~for
two recent textbooks on the subject see Ref.@1#! is param-
etrized in terms of the ratios

h00[
^p0p0uLWuKL&

^p0p0uLWuKS&
and h12[

^p1p2uLWuKL&

^p1p2uLWuKS&
.

~1.1!

Equations~1.1! can be written as

h005«2
2«8

12vA2
.«22«8,

h125«1
«8

11v/A2
.«1«8, ~1.2!

wherev5A2 /A0 is the ratio between the isospinI 52 and 0
components of theK→pp amplitudes, the anomalou
smallness of which is known as theDI 51/2 selection rule
@2#. The complex parameters« and «8 are introduced to
quantify, respectively, indirect~via KL-KS mixing! and di-
rect ~in theKL andKS decays! CP violation. They are mea-
surable quantities, and« has been known to be nonvanishin
since 1964@3#.

The DS51 effective LagrangianLW is given by

LW52(
i

Ci~m!Qi~m!, ~1.3!
0556-2821/2001/63~5!/056009~12!/$15.00 63 0560
where

Ci~m!5
GF

A2
VudVus* @zi~m!1tyi~m!#. ~1.4!

In Eq. ~1.4!, GF is the Fermi coupling, the functionszi(m)
and yi(m) are the Wilson coefficients andVi j the Cabibbo-
Kobayashi-Maskawa ~CKM! matrix elements; t
52VtdVts* /VudVus* . According to the standard parametriz
tion of the CKM matrix, in order to determine«8/«, we only
need to consider theyi(m) components, which control the
CP-violating part of the Lagrangian. The coefficientsyi(m),
andzi(m) contain all the dependence of short-distance ph
ics, and depend on thet,W,b,c masses, the intrinsic QCD
scaleLQCD, the g5-scheme used in the regularization a
the renormalization scalem.

The Qi in Eq. ~1.3! are the effective four-quark operato
obtained in the standard model by integrating out the vec
bosons and the heavy quarkst,b andc. A convenient and by
now standard basis includes the following ten operators:

Q15~ s̄aub!V-A~ ūbda!V2A ,

Q25~ s̄u!V2A~ ūd!V2A ,

Q3,55~ s̄d!V2A(
q

~ q̄q!V7 A ,

Q4,65~ s̄adb!V2A(
q

~ q̄bqa!V7 A ,
©2001 The American Physical Society09-1
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Q7,95
3

2
~ s̄d!V2A(

q
êq~ q̄q!V6 A ,

Q8,105
3

2
~ s̄adb!V2A(

q
êq~ q̄bqa!V6 A , ~1.5!

wherea, b denote color indices (a,b51, . . . ,Nc) and êq

are the quark charges (êu52/3, êd5ês521/3). Color indi-
ces for the color singlet operators are omitted. The lab
(V6A) refer to the Dirac structuregm(16g5).

The various operators originate from different diagra
of the fundamental theory. At the tree level, we only have
current-current operatorQ2 induced byW-exchange. Switch-
ing on QCD, the gluonic correction to tree-levelW-exchange
inducesQ1. Furthermore, QCD induces the gluon pengu
operatorsQ326. The penguin diagrams induce different o
erators because of the splitting of the color quark~vector!
current into a right- and a left-handed part and the prese
of color octet and singlet currents. Electroweak peng
diagrams—where the exchanged gluon is replaced by a
ton or a Z-boson and box-like diagrams—induceQ7,9 and
also a part ofQ3. The operatorsQ8,10 are induced by the
QCD renormalization of the electroweak penguin operat
Q7,9.

Even though the operators in Eq.~1.5! are not all inde-
pendent, this basis is of particular interest for any numer
analysis because it has been extensively used for the
calculation of the Wilson coefficients to the next-to-leadi
order ~NLO! order in as and ae @4#, in different renormal-
ization schemes.

In the standard model,«8can be in principle different
from zero because the 333 CKM matrix Vi j , which appears
in the weak charged currents of the quark mass eigensta
in general complex. On the other hand, in other models
the superweak theory@5#, the only source ofCPviolation
resides in theK0-K̄0 mixing, and«8vanishes. It is therefore
of great importance for the discussion of the theoretical
plications within the standard model and beyond to estab
the experimental evidence and precise value of«8.

The ratio«8/«~for a review see, e.g.,@6–8#! is computed
as

Re«8/«5eif
GFv

2ueu ReA0
Iml tFP02

1

v
P2G , ~1.6!

where, the CKM combinationl t5VtdVts* and, referring to
the DS51 quark Lagrangian of Eq.~1.3!,

P05
1

cosd0
(

i
yi Rê Qi&0~12Vh1h8!, ~1.7!

P25
1

cosd2
(

i
yi Rê Qi&2 , ~1.8!

and ^Qi& I5^2p,I uQi uK&.
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We take the phasef5p/21d02d22ue5(064)0 as
vanishing@9#, and we assume everywhere thatCPT is con-
served. Therefore, Re«8/«5«8/«.

Notice the explicit presence of the final-state-interact
~FSI! phasesd I in Eqs. ~1.7! and ~1.8!. Their presence is a
consequence of writing the absolute values of the amplitu
in term of their dispersive parts. Theoretically, given that
Eq. ~1.4! t!1, we obtain

tand I.
(

i
zi Im^Qi& I

(
i

zi Rê Qi& I

. ~1.9!

Finally, Vh1h8 is the isospin breaking~for muÞmd) contri-
bution of the mixing ofp with h andh8.

Preliminary remarks

The experiments in the early 1990s@10,11# could not es-
tablish the existence of directCPviolation because they
agreed only marginally~one of them being consistent wit
zero @11#! and did not have the required accuracy. Duri
1999, as we shall briefly recall in the next section, the p
liminary analysis of the new run of experiments@12–14#
have settled on a range of values consistent with the prev
NA31 result, conclusively excluding a vanishing«8. On the
other hand, in order to asses precisely the value we must
for the completion of the data analysis which will improv
the present accuracy by a factor of 2–3.

On the theoretical side, progress has been slow as
because of the intrinsic difficulty of a computation that spa
energy scales as different as the pion and the top qu
masses. Nevertheless, the estimates available before
@15–17# pointed to a non-vanishing and positive value, w
one of them@17# being in the ball park of the present expe
mental result.

We revise our 1997 estimate@17# of «8/«by updating the
values of the short-distance input parameters—among w
the improved determination of the relevant CKM entries
and by including the Gaussian sampling of the experime
input data. We also update the values and ranges of
‘‘long-distance’’ model parameters~quark and gluon con-
densates, and constituent quark mass!, by including a larger
theoretical ‘‘systematic’’ error (630%) in the fit of theCP
conservingK→pp amplitudes in order to better account fo
the error related to the truncation of the chiral expansion

For the sake of comparison with other approaches,
give our results in terms of the so-calledBi-parameters, in
two g5 regularization schemes: ’t Hooft–Veltman~HV! and
naive dimensional regularization~NDR!.

The combined effect of the new ranges of the input p
rameters and Iml t makes the central value of«8/« slightly
higher than before, while the statistical analysis of the in
parameters reduces the final uncertainty. For a more con
vative assessment of the error, we give the full range
uncertainty obtained by the flat span of the allowed range
the input parameters. The result is numerically stable as
vary the renormalization scale and scheme. We conclude
9-2
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briefly reviewing other estimates of«8published in the last
year.

II. THE EXPERIMENTAL STATUS

Experimentally the ratio«8/« is extracted, by collecting
KL andKS decays into pairs ofp0 andp6, from the relation

Uh12

h00
U2

.116 Re
«8

«
, ~2.1!

and the determination of the ratiosh12 andh00 given in Eq.
~1.1!.

The announcement last year of the preliminary result fr
the KTeV Collaboration~Fermilab! @12#

Re«/«85~2.860.41!31023, ~2.2!

based on data collected in 1996-97, and the present re
from the NA48 Collaboration~CERN!,

Re«/«85~1.460.43!31023, ~2.3!

based on data collected in 1997@13# and 1998@14#, settle the
long-standing issue of the presence of directCP violation in
kaon decays. However, a clearcut determination of the ac
value of«8at the precision of a few parts in 104 must wait for
further statistics and scrutiny of the experimental system
ics.

By computing the average among the two 1992 exp
ments~NA31 and E731@11#! and the KTeV and NA48 data
we obtain

Re«/«85~1.960.46!31023, ~2.4!

where the error has been inflated according to the Par
Data Group procedure (s→s3Ax2/3), to be used when av
eraging over experimental data—in our case four sets—w
substantially different central values.

The value in Eq.~2.4! can be considered the current e
perimental result. Such a result will be tested within the n
year by the full data analysis from KTeV and NA48 an
~hopefully! the first data from KLOE at DAFNE ~Frascati!;
at that time, the experimental uncertainty will be reduced
a few parts in 104.

The most important outcome of the 1999 results is t
direct CP violation has been unambiguously observed a
that the superweak scenario, in which«85 0, can be ex-
cluded to a high degree of confidence~more than 4s ’s!.

III. HADRONIC MATRIX ELEMENTS

In the present analysis, we use hadronic matrix eleme
for all the relevant operatorsQ1210 and a parameterB̂K com-
puted in the chiral quark model (xQM) at O(p4) in the
chiral expansion@17#. This approach has three mode
dependent parameters which are fixed by means of a fi
the DI 51/2 rule. Let us here review briefly the model an
how the matrix elements are computed.

ThexQM @18# is an effective quark model of QCD whic
can be derived in the framework of the extended Namb
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Jona-Lasinio~NJL! model of chiral symmetry breaking~for
a review, see, e.g.,@19#!.

In the xQM an effective interaction between theu,d,s
quarks and the meson octet is introduced via the term

LxQM52M ~ q̄RSqL1q̄LS†qR!, ~3.1!

which is added to an effective low-energy QCD Lagrang
whose dynamical degrees of freedom are theu,d,s quarks
propagating in a soft gluon background. The matrixS in Eq.
~3.1! is the same as that used in chiral perturbation the
and it contains the pseudo-scalar meson multiplet. The qu
tity M is interpreted as the constituent quark mass in mes
~current quark masses are also included in the effective
grangian!.

In the factorization approximation, the matrix elements
the four quark operators are written in terms of better kno
quantities such as quark currents and densities. Such m
elements~building blocks! like the current matrix element

^0us̄gm(12g5)uuK1(k)& and ^p1(p1)us̄gm(1
2g5)duK1(k)& and the matrix elements of densitie

^0us̄g5uuK1(k)&, ^p1(p1)us̄duK1(k)&, are evaluated up to
O(p4) within the model. The model dependence in the co
singlet current and density matrix elements appears~via the
M parameter! beyond the leading order in the momentu
expansion, while the leading contributions agree with
well known expressions in terms of the meson decay c
stants and masses.

Non-factorizable contributions due to soft gluonic corre
tions are included by using Fierz-transformations and by c
culating building block matrix elements involving the colo
matrix Ta:

^0us̄gmTa~12g5!uuK1~k!&,

^p1~p1!us̄gmTa~12g5!duK1~k!&. ~3.2!

Such matrix elements are non-zero for emission of gluons
contrast to the color singlet matrix elements above, they
model dependent starting with the leading order. Tak
products of two such matrix elements and using the rela

gs
2Gmn

a Gab
a 5

p2

3 K as

p
GGL ~dmadnb2dmbdna! ~3.3!

makes it possible to express gluonic corrections in terms
the gluonic vacuum condensate@20#. While the factorizable
corrections are re-absorbed in the renormalization of the
ral couplings, non-factorizable contributions affect explicit
the form of the matrix elements. The model thus para
etrizes all amplitudes in terms of the quantitiesM, ^q̄q&, and
^asGG/p&. Higher order gluon condensates are omitted.

The hadronic matrix elements of the operatorial basis
Eq. ~1.5! for K→pp decays, have been calculated up
O(p4) inclusive of chiral loops@17#. The leading order~LO!
„O(p0,p2)… matrix elements ^Qi& I

LO and the NLO
„O(p2,p4)… corrections^Qi& I

NLO for final state isospin pro-
jectionsI 50,2 are obtained by properly combining factori
able and non-factorizable contributions and expanding
9-3
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result at the given order. The total hadronic matrix eleme
up to O(p4) can then be written as

^Qi~m!& I5ZpAZK@^Qi& I
LO1^Qi& I

NLO#~m!1ai
I~m!,

~3.4!

whereQi are the operators in Eq.~1.5!, and ai
I(m) are the

contributions from chiral loops~which include the wave-
function renormalization!. The scale dependence of th
^Qi& I

LO,NLO comes from the perturbative running of th
quark condensate and masses, the latter appearing expl
in the NLO corrections. The quantitiesai

I(m) represent the
scale dependent meson-loop corrections which depend o
chiral quark model via the tree level chiral coefficients. Th
have been included toO(p4) in Ref. @17# by applying the
modified minimal subtraction (MS̄) scheme in dimensiona
regularization, as for thexQM calculation of the tree-leve
chiral coefficients. The wave-function renormalizationsZK
and Zp arise in thexQM from direct calculation of theK
→K andp→p propagators.

The hadronic matrix elements are matched—by tak
mSD5mLD—with the NLO Wilson coefficients at the sca
Lx.0.8 (.mr) as the best compromise between the ran
of validity of chiral perturbation and that of strong couplin
expansion. The scale dependence of the amplitudes is ga
by varyingm between 0.8 and 1 GeV. In this range the sc
dependence of«8/« remains always below 10%, thus givin
a stable prediction.

A. The fit of the DIÄ1Õ2 rule

In order to assign the values of the model-dependent
rameters M, ^q̄q& and ^asGG/p&, we consider the
CP-conserving amplitudes in theDI 51/2 selection rule of
K→pp decays. In practice, we compute the amplitudes

A05
GF

A2
VudVus*

1

cosd0
(

i
zi~m!Rê Qi~m!&0 , ~3.5!

A25
GF

A2
VudVus*

1

cosd2
(

i
zi~m!Rê Qi~m!&2

1vA0Vh1h8 , ~3.6!

within the xQM approach and vary the parameters in ord
to reproduce their experimental values

A0~K→pp!53.331027 GeV

and A2~K→pp!51.531028 GeV, ~3.7!

This procedure combines a model for low-energy QCD
which allow us to compute all hadronic matrix elements
terms of a few basic parameters—with the phenomenolog
determination of such parameters. In this way, some sh
comings of such a naive model~in particular, the matching
between long- and short-distance components! are absorbed
in the phenomenological fit. As a check, we eventually ver
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the stability of the computed observables against renorm
ization scale and scheme dependence.

The fit of theCP-conserving involves the determinatio
of the final state interaction~FSI! phases. The absorptiv
component of the hadronic matrix elements appear when
ral loops are included. In our approach the direct determi
tion of the rescattering phases gives atO(p4) d0.20° and
d2.212°. Although these results show features which
in qualitative agreement with the phases extracted from p
nucleon scattering@21#,

d0534.2°62.2°, d2526.9°60.2°, ~3.8!

the deviation from the experimental data is sizable, es
cially in the I 50 component. On the other hand, atO(p4)
the absorptive parts of the amplitudes are determined on
O(p2) and disagreement with the measured phases shou
expected. As a matter of fact, the authors of Ref.@22# find
that atO(p6) the absorptive part of the hadronic matrix el
ments are substantially modified to give values of the res
tering phases quite close to those in Eq.~3.8!. At the same
time theO(p6) corrections to the dispersive part of the ha
ronic matrix elements are very small.

This result corroborates our ansatz@17# of trusting the
dispersive parts of theO(p4) matrix elements while input-
ting the experimental values of the rescattering phases in
parts of our analysis, which amounts to taking cosd0'0.8
and cosd2'1.

Hadronic matrix elements in thexQM depend on the
g5-scheme utilized@17#. Their dependence partially cance
that of the short-distance NLO Wilson coefficients. Becau
this compensation is only numerical, and not analytical,
take it as part of our phenomenological approach. A form
g5-scheme matching can only come from a model m
complete than thexQM. Nevertheless, the result, as show
in Fig. 2 below, is rather convincing.

By taking

LQCD
(4) 5340640 MeV ~3.9!

and fitting at the scalem50.8 GeV the amplitudes in Eqs
~3.5! and ~3.6! to their experimental values, allowing for
630% systematic uncertainty, we find~see Fig. 1!

M5195215
125 MeV, ^asGG/p&5~33065 MeV!4,

^q̄q&5~2235625 MeV!3 ~3.10!

in the HV scheme, and

M5195210
115 MeV, ^asGG/p&5~33326

17 MeV!4,

^q̄q&5~2245615 MeV!3 ~3.11!

in the NDR scheme.
As shown by the light~NDR! and dark~HV! curves in

Fig. 2, theg5-scheme dependence is controlled by the va
of M, the range of which is fixed thereby. Theg5 scheme
dependence of both amplitudes is minimized forM
.190– 200 MeV. The goodg5-scheme stability is also
9-4
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FIG. 1. Dependence ofA0 and A2 on ^q̄q&, ^GG&, LQCD
(4) and M at m50.8 GeV. The gray and black sets of lines correspond to

extreme values ofLQCD andM. The length of the lines represents the effect of varying^q̄q&, while keeping all other parameters fixed. Th
small dependence ofA2 on the quark condensate is due to the contribution of the electroweak penguins diagramsQ7,8. The vertical spread
corresponds to varyinĝasGG/p&, with the central line corresponding to the central value of^GG&. The gray area denotes the regio
spanned by varying all the parameters without correlations in a630% box around the experimental values ofA0 andA2 given by the cross

hairs. The figure on the left~right! shows the HV~NDR! results, corresponding to varying^q̄q&, ^GG&, LQCD
(4) andM in the ranges given in

Eqs.~3.9!–~3.11!.
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shown by «8/« and B̂K . For this reason in our previou
papers@17# we only quoted for these observables the H
results.

The fit of the amplitudeA0 andA2 is obtained for values
of the quark and gluon condensates which are in agreem
with those found in other approaches, i.e., QCD sum ru
and lattice, although it is fair to say that the relation betwe
the gluon condensate of QCD sum rules and lattice and
of thexQM is far from obvious. The value of the constitue
quark massM is in good agreement with that found by fittin
radiative kaon decays@23#.

In Fig. 3 we present the anatomy of the relevant opera
contributions to theCP conserving amplitudes. It is worth
noticing that, because of the NLO enhancement of theI 50
matrix elements~mainly due to the chiral loops!, the gluon

FIG. 2. Test of theg5-scheme stability of theA0 andA2 ampli-
tudes as functions ofM. The light ~dark! curves correspond to th
NDR ~HV! results, while the horizontal lines mark the experimen
values. The two figures on the right plotDAI[2u(AI

HV

2AI
NDR)/(AI

HV1AI
NDR)u. For the values of̂q̄q& and^asGG/p& in

Eqs. ~3.10!, ~3.11! we find g5-scheme independence forM
.190– 200 MeV.
05600
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penguin contribution toA0 amounts to about 20% of th
amplitude.

Turning now to theDS52 Lagrangian,

LDS5252C2S~m!QS2~m!, ~3.12!

where

C2S~m!5
GF

2mW
2

4p2
@lc

2h1S~xc!1l t
2h2S~xt!

12lcl th3S~xc ,xt!#b~m! ~3.13!

wherel j5VjdVjs* , xi5mi
2/mW

2 . We denote byQS2 the DS
52 local four quark operator

QS25~ s̄LgmdL!~ s̄LgmdL!, ~3.14!

which is the only local operator of dimension six in the sta
dard model.

The integration of the electroweak loops leads to
Inami-Lim functions@24# S(x) and S(xc ,xt), the exact ex-
pressions of which can be found in the reference quo
which depend on the masses of the charm and top quarks
describe theDS52 transition amplitude in the absence
strong interactions.

The short-distance QCD corrections are encoded in
coefficients h1 , h2 and h3 with a common scale- and
renormalization-scheme- dependent factorb(m) factorized
out. They are functions of the heavy quarks masses an
the scale parameterLQCD. These QCD corrections are avai
able at the NLO@34# in the strong and electromagnetic co
plings.

The scale-dependent factor of the short-distance cor
tions is given by

b~m!5@as~m!#22/9S 12J3

as~m!

4p D , ~3.15!

l

9-5
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FIG. 3. Operator-by-operato
contributions toA03107 and A2

3108 ~GeV! in the HV scheme. In
~light! dark is the ~LO! NLO
value. Notice theO(p4) enhance-
ment of the gluon penguin opera
tor in the I 50 amplitude.
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whereJ3 depends on theg5-scheme used in the regulariz
tion. The NDR and HV scheme yield, respectively,

J3
NDR52

307

162
and J3

HV52
91

162
. ~3.16!

On the long-distance side, the hadronicBK parameter is in-
troduced by writing theDS52 matrix element as

^K̄0uQS2~m!uK0&5
4

3
f K

2 mK
2 BK~m!. ~3.17!

The scale- and renormalization-scheme- independent pa
eter B̂K is then defined by means of Eqs.~3.15!–~3.17! as

B̂K5b~m!BK~m!. ~3.18!

By using the input values found by fitting theDI 51/2 rule
we obtain in bothg5 schemes

B̂K51.160.2. ~3.19!

The result~3.19! includes chiral corrections up toO(p4) and
it agrees with what we found in@17#. In the chiral limit one
derives a simple expression forB̂K @Eq. ~6.3! in Ref. @17##,
which depends crucially on the value of the gluon cond
sate. In this limit, for central values of the parameters,
obtain B̂K50.44 ~0.46! in the HV ~NDR! scheme. A recen
calculation of B̂K , based on QCD sum rules, finds in th
chiral limit and to the NLO in the 1/N expansionB̂K50.41
60.09 @25#. Many calculations ofBK have been performed
on the lattice~for a recent review see@26#!. According to
Ref. @26#, the analysis of Ref.@27# presents the most exten
sive study of systematic errors and gives the~quenched!
value B̂K50.8660.0660.14, which should be taken as th
present reference value, while awaiting for further progr
in including dynamical quarks on the lattice.

Notice that no estimate of«8/« can be considered com
plete unless it also gives a value forB̂K . The case of the
xQM, for instance, is telling insofar as the enhancemen
B6 is partially compensated for by a largeB̂K ~and accord-
ingly a smaller Iml t).
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B. The factors Bi

The factorsBi , defined as

Bi[^Qi&
model/^Qi&

VSA ~3.20!

have become a standard way of displaying the values of
hadronic matrix elements in order to compare them am
various approaches. However they must be used with c
because of their dependence on the renormalization sch
and scale, as well as on the choice of the vacuum satura
approximation~VSA! parameters.

They are given in thexQM in Table I in the HV and NDR
schemes, atm50.8 GeV, for the central value ofLQCD

(4) . The
dependence onLQCD enters indirectly via the fit of theDI
51/2 selection rule and the determination of the parame
of the model.

The uncertainty in the matrix elements of the pengu
operatorsQ528 arises from the variation of̂q̄q&. This af-
fects mostly theB5,6 parameters because of the leading line
dependence on̂q̄q& of theQ5,6 matrix elements in thexQM,
contrasted to the quadratic dependence of the correspon
VSA matrix elements. Accordingly,B5,6 scale aŝ q̄q&21, or
via PCAC asmq , and therefore are sensitive to the val

TABLE I. Central values of theBi factors in the HV and NDR
renormalization schemes. ForB5,6 the leading scaling dependenc

on ^q̄q& is explicitly shown for a conventional value of the conde
sate. All otherBi factors are either independent or very weak

dependent on̂q̄q&. The dependence on̂asGG/p& in the ranges of
Eqs.~3.10!, ~3.11! remains always below 10%.

HV NDR

B1
(0) 9.3 9.7

B2
(0) 2.8 2.9

B1
(2)5B2

(2) 0.42 0.39
B3 22.3 23.0
B4 1.9 1.3

B5.B6 1.83
~2240 MeV!3

^q̄q&
1.33

~2240 MeV!3

^q̄q&
B7

(0).B8
(0) 2.6 2.4

B9
(0) 3.5 3.4

B10
(0) 4.3 5.2

B7
(2).B8

(2) 0.89 0.84
B9

(2)5B10
(2) 0.42 0.39
9-6
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chosen for these parameters. For this reason, we hav
ported the corresponding values ofB5,6 when the quark con-
densate in the VSA is fixed to its PCAC~partial conservation
of axial-vector coupling! value.

It should however be stressed that such a dependen
not physical and is introduced by the arbitrary normalizat
on the VSA result. The estimate of«8is therefore almost
independent ofmq , which only enters the NLO correction
and the determination ofB̂K .

The enhancement of theQ5,6 matrix elements with respec
to the VSA values@the conventional normalization of th
VSA matrix elements corresponds to taking^q̄q&(0.8 GeV!
.~2220 MeV)3# is mainly due to the NLO chiral loop con
tributions. Such an enhancement, due to final state inte
tions, has been found in 1/Nc analyses beyond LO@28,29#, as
well as recent dispersive studies@30,32#. A large-Nc ap-
proach, based on QCD sum rules@33# which reproduces the
electroweakp1-p2 mass difference and the leptonicp(h)
rare decays, disagrees in the determination of^Q7&0,2 at m
50.8 GeV, due to the sharp scale dependence found
these matrix elements. Since the operatorQ7 gives a negli-
gible contribution to«8/«, we should wait for a calculation
of other matrix elements within the same framework in ord
to asses the extent and the impact of the disagreement
the xQM results.

Among the non-factorizable corrections, the gluon co
densate contributions are most important for t
CP-conservingI 52 amplitudes~and account for the value
and uncertainties ofB1,2

(2)) but are otherwise inessential in th
determination of«8, for which FSI are the most relevan
corrections to the LO 1/N result.

IV. BOUNDS ON Im lT

The updated measurements for the CKM eleme
uVub /Vcbu implies a change in the determination of th
Wolfenstein parameterh that enter in Iml t . This is of par-
ticular relevance because it affects proportionally the va
of «8/«.

The allowed values for Iml t.huVusuuVcbu2 are found by
imposing the experimental constraints for«, uVub /Vcbu,
Dmd andDms which give rise to the following equations:

hS 12
l2

2 D H F12rS 12
l2

2 D G uVcbu2h2S~xt!

1h3S~xx ,xt!2h1S~xc!J uVcbu2

l8
B̂K5

u«u

Cl10
,

~4.1!

where

C5
GF

2 f K
2 mK

2 mW
2

3A2p2DMLS

and xi5mi
2/mW

2 , ~4.2!

and
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h21r25
1

l2

uVubu2

uVcbu2
, ~4.3!

h2S 12
l2

2 D 2

1F12rS 12
l2

2 D G2

5
1

l2

uVtdu2

uVcbu2
, ~4.4!

whereuVtdu is found by means of

Dmd5
GF

24A2p2
uVtdu2uVtbu2mBd

f Bd

2 BBd
hBxtF~xt!

~4.5!

and

Dms

Dmd
5

mBs
f Bs

2 BBs
uVtsu2

mBd
f Bd

2 BBd
uVtdu2

. ~4.6!

The functionsF(x) in Eq. ~4.5! andS~x! in Eq. ~4.1! can be
found in @24#.

By using the method of Parodi, Roudeau and Stoc
@35#, who have run their program starting from the inpu
listed in Table II and

h151.4460.18, h250.52, h350.4560.01, ~4.7!

which are the values we find for our inputs, it is found th

Im l t5~1.1460.11!31024, ~4.8!

where the error is determined by the Gaussian distributio
Fig. 4. Notice that the value thus found is roughly 10
smaller than those found in other estimates for whichB̂K is
smaller.

The effect of this updated fit is a substantial reduction
the range of Iml t with respect to what we used in our 199
estimate@17#: all values smaller than 1.031024 are now
excluded ~as opposed as before when values as smal
0.631024 were included!.

V. ESTIMATING «8Õ«

The value of«8computed by taking all input paramete
at their central values~Table II! is shown in Fig. 5. The
figure shows the contribution to«8of the various operators in
two g5 renormalization schemes atm50.8 GeV and 1.0
GeV. The advantage of such a histogram is that, contrar
the Bi , the size of the individual contributions does not d
pend on some conventional normalization.

As the histogram makes it clear, the two dominant con
butions come from the gluon and electroweak penguin
erators,Q6 and Q8. However, the gluon penguin operato
dominates and there is very little cancellation with the el
troweak penguin operator. The dominance of theI 50 com-
ponents in thexQM originates from theO(p4) chiral cor-
rections, the detailed size of which is determined by the fi
theDI 51/2 rule. It is a nice feature of the approach that t
renormalization scheme stability imposed on theCP con-
serving amplitudes is numerically preserved in«8/«. The
comparison of the two figures shows also the remarka
9-7
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TABLE II. Numerical values of the input parameters used in the present analysis. The triangles
those that have been updated with respect to our 1997 estimate.

Parameter Value

Vud 0.9753
Vus 0.220560.0018

sin2uW 0.2247
mZ 91.187 GeV
mW 80.22 GeV

m̄b(mb) 4.4 GeV

x m̄c(mc) 1.3 GeV

x u«u (2.28060.019)31023

x uVcbu 0.040560.0015
x uVub /Vcbu 0.08060.017~CLEO!, 0.10460.019~LEP!

x m̄t(mt) 16565 GeV

B̂K
1.160.2

x Dms .12.4 ps21

x Dmd (0.47260.016) ps21

x f Bd
ABBd

(210232
139) MeV

x j[ f Bs
ABBs

/ f Bd
ABBd

1.1120.04
10.06

x mB
d
0 5.279260.0018 GeV

x mB
s
0 5.369360.0020 GeV

x hB 0.5560.01

f p5 f p1 92.4 MeV
f K5 f K1 113 MeV

mp5(mp11mp0)/2 138 MeV
mK5mK0 498 MeV

mh 548 MeV
Lx 2A2 p f p

x Vh1h8 0.2560.10

LQCD
(4) 340640 MeV

m̄u1m̄d ~1 GeV! 1262.5 MeV

x m̄s ~1 GeV! 150625 MeV

x ^q̄q& HV: ( 2235625 MeV)3, NDR: (2245615 MeV)3

x ^asGG/p& HV: (33065 MeV)4, NDR: (33326
17 MeV)4

x M HV: 195215
125 MeV, NDR: 195210

115 MeV
th
co

d-
s
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is
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th
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g

renormalization scale stability of the central value once
perturbative running of the quark masses and the quark
densate is taken into account.

In what follows, the model-dependent parametersM,

^asGG/p&and ^q̄q& are uniformly varied in their given
ranges~flat scanning!, while the others are sampled accor
ing to their normal distributions~see Table II for the range
used!. Values of«8/« found in the HV and NDR scheme
are included with equal weight.

For a given set, a distribution is obtained by collecting t
values of«8/« in bins of a given range. This is shown in Fi
6 for a particular choice of bins. The final distribution
partially skewed, with more values closer to the lower e
but a longer tail toward larger values. However, because
skewness of the distribution is less than one, the mean
the standard deviation are a good estimate of the cen
05600
e
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e

d
e

nd
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value and the dispersion of values around it. This statist
analysis yields

«8/«5~2.260.8!31023. ~5.1!

A more conservative estimate of the uncertainties is obtai
via the flat scanning of the input parameters, which gives

0.931023,Re«8/«,4.831023. ~5.2!

In both estimates a theoretical systematic error of630% is
included in the fit of theCP conserving amplitudesA0 and
A2.

The stability of the numerical outcomes is only margi
ally affected by shifts in the value ofVh1h8 due to NLO
chiral corrections@36# and by additional isospin breakin
effects @37–39#. Any effective variation ofVh1h8 is anti-
9-8
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FIG. 4. Bounds on the Wolfenstein parametersh̄[(12l2/2) andr̄[(12l2/2) and distribution of Iml t according to Parodiet al. for
the input parameters in Table II.
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correlated to the value of^asGG/p&obtained in the fit ofA2.
We have verified that this affects the calculation ofB̂K and
the consequent determination of Iml t in such a way to com-
pensate numerically in«8/« the change ofVh1h8 . Waiting
for a confident assessment of the NLO isospin violating
fects in theK→pp amplitudes, we have used forVh1h8 the
‘‘LO’’ value quoted in Table II.

The weak dependence on some poorly-known parame
is a welcome outcome of the correlation among hadro
matrix elements enforced in our semi-phenomenological
proach by the fit of theDI 51/2 rule.

We have changed the central value ofmc from 1.4 GeV,
the value we used in@17#, to 1.3 GeV in order to make ou
estimate more homogeneous with others. This change af
the determination of the ranges of the model paramet
mainly increasinĝ q̄q&, via the fit of theCP conserving
amplitudes. The central value of«8/« turns out to be affected
below 10%.

While thexQM approach to the hadronic matrix elemen
relevant in the computation of«8/« has many advantage
over other techniques and has proved its value in the pre
tion of what has been then found in the experiments, it ha
severe short-coming insofar as the matching scale has t
kept low, around 1 GeV and therefore the Wilson coe
05600
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rs
ic
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cts
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cients have to be run down at scales that are at the limi
the applicability of the renormalization-group equation
Moreover, the matching itself suffers of ambiguities th
have not been completely solved. For these reasons we
insisted all along that the approach is sem
phenomenological and that the above shortcomings are t
absorbed in the values of the input parameters on which
fit to the CP conserving amplitudes is based.

VI. OTHER ESTIMATES

Figure 7 summarizes the present status of theory ve
experiment. In addition to our improved calculation~and an
independent estimate similarly based on thexQM), we have
reported five estimates of«8/« published in the last year
Trieste’s, München’s and Roma’s ranges are updates of th
respective older estimates, while the other estimates are
together new.

The estimates reported come from the following a
proaches:

München’s@40#: In the München approach~phenomeno-
logical 1/N) some of the matrix elements are obtained
fitting the DI 51/2 rule atm5mc51.3 GeV. The relevant
gluonic and electroweak penguin operators^Q6& and ^Q8&2
ft
FIG. 5. Contribution to«8/«
~in units of 1023) of each penguin
operator in the HV and NDRg5

schemes. The figure on the le
~right! corresponds to m50.8
~1.0! GeV.
9-9
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STEFANO BERTOLINI, JAN O. EEG, AND MARCO FABBRICHESI PHYSICAL REVIEW D63 056009
remain undetermined and are taken around their leadingN
values~which implies a scheme dependent result!. In Fig. 7
the HV ~left! and NDR~right! results are shown. The darke
range represents the result of Gaussian treatment of the
parameters compared to flat scanning~complete range!.

Roma’s @41#: Lattice cannot provide us at present wi
reliable calculations of theI 50 penguin operators relevan
to «8/« as well as of theI 50 components of the hadroni
matrix elements of the current-current operators~penguin
contractions!, which are relevant to theDI 51/2 rule. This is
due to large renormalization uncertainties, partly related
the breaking of chiral symmetry on the lattice. In this r
spect, very promising is the domain-wall fermion approa
@42# which allows us to decouple the chiral symmetry fro
the continuum limit. On the other hand, present lattice c
culations computeK→p matrix elements and use lowe
order chiral perturbation theory to estimate theK→pp am-
plitude, which introduces additional~and potentially large!
uncertainties. In the recent Roma re-evaluation of«8/«, B6
is taken at the VSA result varied by a 100% error. The e
mate quotes the values obtained in twog5 schemes~HV and
NDR!. The dark~light! ranges correspond to Gaussian~flat!
scan of the input parameters.

Dortmund’s@28#: In recent years the Dortmund group h
revived and improved the approach of Bardeen, Buras
Gerard @43# based on the 1/N expansion. Chiral loops ar
regularized via a cutoff and the amplitudes are arranged
p2n/N expansion. A particular attention has been given to
matching procedure between the scale dependence of the

FIG. 6. Distribution of values of«8/« ~in units of 1023). Nor-
malized bins are plotted against the values of«8/« of each bin.

FIG. 7. Theory vs experiment in the year 2000. The gray ban
the average experimental result. See the text for details on the
ous estimates.
05600
/

ut

o
-
h

l-

i-

d

a
e
hi-

ral loops and that arising from the short-distance analy
The renormalization scheme dependence remains and
included in the final uncertainty. TheDI 51/2 rule is repro-
duced, but the presence of the quadratic cutoff induce
matching scale instability~which is very large forBK). The
NLO corrections tô Q6& induce a substantial enhanceme
of the matrix element~right range in Fig. 7! compared to the
leading order result~left!. The dark range is drawn for cen
tral values ofms , Vh1h8 , Im l t andLQCD .

Dubna’s @22#: The hadronic matrix elements are com
puted in the Einstein NJL~ENJL! framework including chi-
ral loops up toO(p6) and the effects of scalar, vector an
axial-vector resonances. (BK , and therefore Iml t , is taken
from @15#.! Chiral loops are regularized via the heat-kern
method, which leaves unsolved the problem of the renorm
ization scheme dependence. A phenomenological fit of
DI 51/2 rule implies deviations up to a factor two on th
calculated^Q6&. The reduced~dark! range in Fig. 7 corre-
sponds to taking the central values of the NLO chiral co
plings and varying the short-distance parameters.

Taipei’s @44#: Generalized factorization represents an
tempt to parametrize the hadronic matrix elements in
framework of factorization withouta priori assumptions
@45#. Phenomenological parameters are introduced to
count for non-factorizable effects. Experimental data
used in order to extract as much information as possible
the non-factorizable parameters. This approach has been
plied to theK→pp amplitudes in Ref.@44#. The effective
Wilson coefficients, which include the perturbative QC
running of the quark operators, are matched to the factori
matrix elements at the scalemF which is arbitrarily chosen in
the perturbative regime. A residual scale dependence rem
in the penguin matrix elements via the quark mass. T
analysis shows that in order to reproduce theDI 51/2 rule
and«8/« sizable non-factorizable contributions are requir
both in the current-current and the penguin matrix eleme
However, some assumptions on the phenomenological
rameters andad hocsubtractions of scheme-dependent ter
in the Wilson coefficients make the numerical results qu
tionable. In addition, the quoted error does not include a
short-distance uncertainty.

Trieste’s: The dark~light! ranges correspond to Gaussia
~flat! scan of the input parameters. The bar on the left co
sponds to the present estimate. That on the right is a
estimate@46#, similarly based on thexQM hadronic matrix
elements, in which however«8/« is estimated in a novel way
by including the explicit computation of« in the ratio as op-
posed to the usual procedure of taking its value from
experiment. This approach has the advantage of being in
pendent of the determination of the CKM parameters Iml t
and of showing more directly the dependence on the lo
distance parameterB̂K as determined within the model. Th
difference~around 10%! between the two Trieste’s estimate
corresponds effectively to a larger value of Iml t , as deter-
mined from« only, with respect to Eq.~4.8!.

Valencia’s @30#: The standard model estimate given b
Pallante and Pich is obtained by applying the FSI correct
factors obtained using a dispersive analysis in the manne

is
ri-
9-10



ue
th
e
w
re

th
r
e

n-
lc
f.
is

in
f t

h
e
tio

o

fo
d
e

ad

o
n

a

r

-
m-

on

ed to
r
em-

on
f

ary
m-

ot
-
ble

rs
c-

ises
pa-

e

UPDATED ANALYSIS OF «8/« IN THE STANDARD . . . PHYSICAL REVIEW D 63 056009
Omnès-Mushkelishvili @47# to the leading~factorized! 1/N
amplitudes. The detailed numerical outcome has been q
tioned on the basis of ambiguities related to the choice of
subtraction point at which the factorized amplitude is tak
@48#. Large corrections may also be induced by unkno
local terms which are unaccounted for by the dispersive
summation of the leading chiral logs. Nevertheless,
analysis of Ref.@30# confirms the crucial role of higher orde
chiral corrections for«8/«, even though FSI effects alon
leave the problem of reproducing theDI 51/2 selection rule
open.

Lund’s @49#: The DI 51/2 rule andBK have been studied
in the NJL framework and 1/N expansion by Bijnens and
Prades@29# showing an impressive scale stability when i
cluding vector and axial-vector resonances. A recent ca
lation of «8/« at the NLO in 1/N has been performed in Re
@49#. The calculation is done in the chiral limit and it
eventually corrected by estimating the largestSU(3) break-
ing effects. Particular attention is devoted to the match
between long- and short-distance components by use o
X-boson method@50,51#. The couplings of theX bosons are
computed within the ENJL model which improves the hig
energy behavior. TheDI 51/2 rule is reproduced and th
computed amplitudes show a satisfactory renormaliza
scale and scheme stability. A sizable enhancement of theQ6
matrix element is found which brings the central value
«8/« at the level of 331023.

Cutoff based approaches should also pay attention
higher-dimension operators which become relevant
matching scales below 2 GeV@52#. The calculations base
on dimensional regularization may avoid the problem if ph
nomenological input is used in order to encode in the h
ronic matrix elements the physics at all scales.

Other attempts to reproduce the measured«8/« using the
linear s-model, which include the effect of a scalar res
nance withms.900 MeV, obtain the needed enhanceme
of ^Q6& @53#. However, theCP conservingI 50 amplitude
falls short the experimental value by a factor of two. With
lighter scalar,ms.600 MeV theCP conservingI 50 am-
plitude is reproduced, but«8/« turns out more than one orde
of magnitude larger than currently measured@54#.
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VII. CONCLUSIONS

The present analysis updates our 1997 estimate Re«8/«
51.721.0

11.431023 @17#, which already pointed out the poten
tial relevance of non-factorizable contributions and the i
portance of addressing bothCP conserving and violating
data for a reliable estimate of«8/«.

The increase in the central value is due to the update
the experimental inputs~mainly Vub /Vcb). The uncertainty
is reduced when using the Gaussian sampling, as oppos
the flat scan used in Ref.@17#. On the other hand the erro
obtained by flat scanning is larger due to the larger syst
atic uncertainty (630%) used in the fit of theCP conserv-
ing amplitudes.

Among the corrections to the leading 1/N ~factorized! re-
sult, FSI play a crucial role in the determination of the glu
penguin matrix elements. Recent dispersive analyses oK
→pp amplitudes show how a~partial! resummation of FSI
increases substantially the size of theI 50 amplitudes, while
slightly affecting theI 52 components@30–32#. On the other
hand, the precise size of the effect depends on bound
conditions of the factorized amplitudes which are not una
biguously known@48,55#.

Finally, it is worth stressing that FSI by themselves do n
account for the magnitude of theCP conserving decay am
plitudes. In our approach a combination of non-factoriza
soft-gluon effects@at O(p2)# and FSI~at the NLO! makes
possible to reproduce theDI 51/2 selection rule. In turn,
requiring the fit of theCP conservingK→pp decays allows
for the determination of the ‘‘non-perturbative’’ paramete
of the xQM, which eventually leads to the detailed predi
tion of «8/«. Confidence in our final estimate of«8/« is
based on the coherent picture of kaon physics which ar
from the phenomenological determination of the model
rameters and the self-contained calculation of allDS51 and
2 hadronic matrix elements.
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