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K\pp and a light scalar meson
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We explore theDI 5
1
2 rule ande8/e in K→pp transitions using a Dyson-Schwinger equation model.

Exploiting the feature that quantum chromodynamics penguin operators directKS
0 transitions through 011

intermediate states, we observe an enhancement ofK→pp I 50 transitions from the contribution of a putative
light s-meson. This mechanism also affectse8/e.

PACS number~s!: 13.20.Eb, 13.30.Eg, 12.15.Hh, 24.85.1p
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I. INTRODUCTION

The DI 5 1
2 rule is an empirical observation: the width

for nonleptonic decays of kaons and hyperons that cha
isospin by one-half unit are significantly larger than those
otherK andL transitions; e.g.,@1#

GK
S
0→(pp) /GK1→p1p05660. ~1!

In terms of the amplitudesMK
S
0→p1p2 and MK

S
0→p0p0 that

describe KS
0→pp transitions, the pure isospin-zero an

isospin-twopp final states are

A05
1

A6
~2MK

S
0→p1p21MK

S
0→p0p0!, ~2!

A25
1

A3
~MK

S
0→p1p22MK

S
0→p0p0!, ~3!

and the ratio in Eq.~1! corresponds to

1/wªRe~A0!/Re~A2!'22. ~4!

The analogous amplitude ratio forS-wave L→pN transi-
tions is uA1/2/A3/2u'80.

The processes involved are nonleptonic weak decay
one necessarily encounters quantum chromodynam
~QCD! effects in their analysis and the operator product
pansion~OPE! can therefore be employed to good effe
Using the OPE the amplitude,A, for a given transition is
expressed as the expectation value of an effective Ha
tonian:

A5^Heff&5(
i

ai~m!^Qi~m!&, ~5!

wherem is a renormalization point. The coefficientsai(m),
are calculable in perturbation theory and describe sh
distance effects. However, the expectation values of the l
effective operatorŝ Qi(m)&, contain the effects of bound
state structure; i.e., long-distance QCD effects, and mus
calculated nonperturbatively.
0556-2813/2000/62~2!/025206~9!/$15.00 62 0252
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The transitions of interest herein are mediated by nonl
tonic strangeness changing (DS51) effective operators. The
simplest

Q15 s̄iOm
2uj ūjOm

2di , ~6!

Q25 s̄iOm
2uiūjOm

2dj , ~7!

with Om
65gm(16g5) and color indices:i , j 51, . . . ,Nc ,

have the flavor structure of the standard weak four-ferm
current-current interaction, and there are eight other te
representing the QCD and electroweak~ew! penguin opera-
tors. (Q1 results from QCD corrections to the weak curren
current vertex. The penguin operators are also generate
QCD and ew corrections but their flavor structure is diffe
ent.! At least some of these operators must have large ex
tation values if theDI 5 1

2 rule is to be understood.
Another quantity that may be much influenced by t

DS51 effective interaction is the ratioe8/e. The indirect
CP violating parameter:

eªA~KL→pp I 50!/A~KS→pp I 50! ~8!

measures the admixture ofCP-even state inKL :

for e50, CPuKL/S&57uKL/S&, ~9!

i.e., they areCP eigenstates.e appears to be primarily de
termined by short-distance contributions from the weak n
leptonicDS52 effective interaction@2#.

In contrast,e8 measures the phase of the heavy-qu
CKM matrix elements in the standard model and

e8

e
5

1

A2ueu
ImS A2

A0
D , ~10!

with ueu50.002 280, experimentally.1 A nonzero value of
e8/e entails direct transitions betweenCP-even andCP-odd

1In Eq. ~10! we follow contemporary practice and make explic
the pp-scattering phase shifts:d0,2, in factoring out the phase
Fe85(p/2)1d22d0. Then, using the experimental observatio
d0'37°, d2'27°, Fe'p/4, one hasFe82Fe'0 and the imagi-
nary part in Eq.~10! relates only to an explicitCP violating phase.
©2000 The American Physical Society06-1
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eigenstates.e8 is sensitive to the same penguin operators t
contribute to theDI 5 1

2 rule, and hence is likely to receiv
significant long-distance contributions. The current gene
tion of experiments@3# appears to be consistent and an a
erage value of the ratio is@4#

ReS e8

e D5~2.160.46!31023. ~11!

A standard form of theDS51 effective interaction at a
renormalization scalem51 GeV is

H eff
DS515G̃F(

i 51

10

ci~m!Qi~m!, ~12!

where G̃F5GFVus* Vud /A2, ci(m)5zi(m)1tyi(m), t
52(Vts* Vtd)/(Vus* Vud), andVud , . . . , are the CKMmatrix
elements.@Direct CP violation is a measure of Im(t).] The
coefficientsci(m), at next-to-leading order are quoted in Re
@2#, as are the operators:Qi . We reproduce the coefficient
in the Appendix, Eq.~A11!, but not the operators and no
only thatQ3,4,5,6are the QCD penguin operators; e.g.,

Q65 s̄iOm
2dj (

q5u,d,s
q̄jOm

1qi , ~13!

andQ7,8,9,10are the ew penguin operators; e.g.,

Q85
3

2
s̄iOm

2dj (
q5u,d,s

eqq̄jOm
1qi , ~14!

whereeq is the quark’s electric charge~in units of the posi-
tron charge!. The expectation value of the operators in E
~12!; i.e., the long-distance contributions, are the prima
source of theoretical uncertainty in the estimation ofw and
e8/e, Eqs.~4! and ~10!.

Herein we calculate the expectation values of the ope
tors in Eq.~12! using the Dyson-Schwinger equation~DSE!
model of Ref.@5#. The DSE’s are reviewed and some of the
phenomenological applications are described in R
@6–14#. In this approach mesons are bound states o
dressed-quark and -antiquark with Bethe-Salpeter amplitu
describing their internal structure. It has already been use
exploreCP violation in hadrons@15#. We describe the cal
culation and its elements in Sec. II, and present and dis
our results in Sec. III. Section IV is a brief recapitulation.

II. OPERATOR EXPECTATION VALUES

To calculate the expectation values in Eq.~12! we employ
an impulse approximation that is consistent with t
rainbow-ladder truncation of the DSE’s. It yields real dec
amplitudes, which ensures no conflict with the explicit fa
torization of the strongpp phase shifts in Eq.~10!. The
fidelity of this approximation relies on it yielding the dom
nant contribution to the amplitudes’ magnitude while prov
ing none of the strong phase. It has proven efficacious; e
in analyzingpp scattering@12,13# and the electromagneti
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pion form factor @13,14#, and in the latter case calculate
corrections are small@16#. However, such successes do n
preclude the possibility that unitarizing corrections; e.
Refs.@17–20#, may be quantitatively important in the prese
application. Anomalies in our analysis could signal this.

A. Charged kaon decay

The impulse approximation to the meson–meson tra
tions mediated byH eff

DS51 is straightforward to evaluate; e.g
in the absence of ew penguins only the operatorsQ1,2 con-
tribute toK1→p1p0 transitions and

^p1~p1!p0~p2!uQ1uK1~p!&5
1

A2
(

i 51,2
Nc

i Ti~p1 ,p2!,

~15!

T1~p1 ,p2!5 iA2 trZ2E
k2

L

Om
2xp~k2 ;2 1

2 p2 ,2 1
2 p2!2 trZ2

3E
k1

L

Om
2xK~k1 ;p2 ,p1!Gp~k1 ;2p1!Su~k1!,

~16!

iT2~p1 ,p2!52A2 trZ2
2E

k1

LE
k2

L

Om
2xp~k2 ;2 1

2 p2 ,2 1
2 p2!

3Om
2xK~k1 ;p2 ,p1!Gp~k1 ;2p1!Su~k1!,

~17!

with the trace over Dirac indices only, and

xp~k; l 1 ,l 2!5Su~k1 l 1!Gp~k; l 11 l 2!Su~k2 l 2!, ~18!

xK~k; l 1 ,l 2!5Ss~k1 l 1!GK~k; l 11 l 2!Su~k2 l 2!. ~19!

Here we use a Euclidean formulation with

$gm ,gn%52dmn , gm
† 5gm , p•q5(

i 51

4

piqi . ~20!

*k
L
ª*Ld4k/(2p)4 is a mnemonic representing a translatio

ally invariant regularization of the integral, withL the regu-
larization mass scale that is removed (L→`) as the final
stage of any calculation, andZ2(m,L) is the quark wave
function renormalization constant.Sf 5u,s are the dressed
quark propagators~we assume isospin symmetry! and
GH5K,p are the meson Bethe-Salpeter amplitudes, both
which we discuss in detail in Sec. II B.

Using the Fierz rearrangement property,

tr@Om
2G1Om

2G2#52tr@Om
2G1#tr@Om

2G2#, ~21!

where G1,2 are any Dirac matrices, it is clear thatT1}T2.
Furthermore, the analysis forQ2 is similar and the result is
identical so that
6-2
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^p1~p1!p0~p2!u~c1Q11c2Q2!uK1~p!&

5
c11c2

A2
Nc~Nc11!T1~p1 ,p2!. ~22!

This can be simplified using@21#

f ppm52A2Nc tr Z2E
k

L

Om
2xp~k;2 1

2 p,2 1
2 p! ~23!

and @22#

2~p1p1!m f 1
K1

~p2
2!2p2m f 2

K1

~p2
2!

52Nc tr Z2E
k1

L

iOm
2xK~k1 ;p2 ,p1!Gp~k1 ;2p1!Su~k1!,

~24!

where f 6
K1

are theKl3 semileptonic transition form factors
to yield

^p1~p1!p0~p2!uHeff
DS51uK1~p!&

5
Nc11

A2Nc

G̃F~c11c2!M1~p1 ,p2!, ~25!

M1~p1 ,p2!5 f p@p2•~p1p1! f 1
K1

~p2
2!1p2

2f 2
K2

~p2
2!#

~26!

' f p~mK
2 2mp

2 !. ~27!

The last line follows from @22# f 1
K1

(2mp
2 )'21.0 and

mp
2 f 2

K2
(2mp

2 )'0.
We can compare our result with the contemporary p

nomenological approach toK→pp decays, which employs
a parametrization ofM1:

M15 f p~mK
2 2mp

2 !B1
(3/2) , ~28!

with the parameterB1
(3/2) fixed by fitting the experimenta

width. One historical means of estimatingM1 is to employ
the vacuum saturation ansatz, which givesB1

(3/2)51. It is
clear from Eqs.~25! and~27! that our impulse approximation
is equivalent to this ansatz. Equation~27! is an exact alge-
braic constraint, which has been overlooked by other auth
and consequently violated in fittingGK1→p1p0; e.g., Ref.
@23# and references therein.~The connection can also b
made via a bosonization of four-fermion interaction mod
@24#, which illustrates an equivalence between that appro
and the rainbow-ladder DSE truncation.!

Agreement with the experimental value ofGK1→p1p0,
however, requiresB1

(3/2)' 1
2 , as can be seen using Eq.~A12!.

Thus, while the impulse approximation is reliable for es
mating the order of magnitude, it appears that an accu
02520
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result requires additional contributions.2 Unitarizing correc-
tions arising frompp final state interactions are a plausib
candidate. However, a contemporary estimate@20# indicates
that they can provide no more than one-fifth of the reduct
required in this channel; i.e.,B1

(3/2).0.9 still.
Nevertheless, our primary goal is to identify a plausib

mechanism for an enhancement ofpp I 50 transitions and
this level of accuracy is sufficient for that purpose. Hence
proceed by adopting the contemporary artifice and use

M1~p1 ,p2!ª f p~mK
2 2mp

2 !B1
(3/2) , B1

(3/2)5 1
2 . ~29!

In doing this we bypass the calculation ofB1
(3/2) , which our

elucidation of the impulse approximation has identified a
real challenge for models whose basis is kindred to ours,
also for other approaches.

B. Propagators and Bethe-Salpeter amplitudes

Although the matrix element discussed above was
pressed in terms of dressedu- ands-quark propagators, and
p- and K-meson Bethe-Salpeter amplitudes, we obtaine
model independent result without introducing specific form
That is an helpful but uncommon simplification only encou
tered before in the study of anomalous processes; e.g.p0

→gg @13,14#, KK̄→p1p0p2 @25#, andgp→pp @26#.
In general these quantities can be obtained as solution

the quark DSE and meson Bethe-Salpeter equation@6#. How-
ever, the study of an extensive range of low- and high-ene
light- and heavy-quark phenomena has led to the deve
ment of efficacious algebraic parametrizations, and we e
ploy them herein.

The dressed-quark propagator is

Sf~p!52 ig•p sV
f ~p2!1sS

f ~p2!, ~30!

5@ ig•pAf~p2!1Bf~p2!#21, ~31!

s̄S
f ~x!52m̄fF„2~x1m̄f

2!…1F~b1
f x!F~b3

f x!@b0
f 1b2

f F~«x!#,

~32!

s̄V
f ~x!5

1

x1m̄f
2 @12F~2~x1m̄f

2!!#, ~33!

with F(y)5(12e2y)/y, x5p2/l2, m̄f5mf /l, s̄S
f (x)

5lsS
f (p2) s̄V

f (x)5l2 sV
f (p2). The mass scale, l

50.566 GeV, and parameter values

2As observed already, the impulse approximation has proven
able in a range of applications@5–15#, and in some cases correc
tions have been calculated and shown to be small@16,22#. One new
feature here is that the calculation is not self-contained; i.e., we
on external input: theci in Eq. ~12!.
6-3
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m̄ b0 b1 b2 b3

u 0.009 48 0.131 2.94 0.733 0.18
s 0.210 0.105 3.18 0.858 0.18

~34!

were fixed@5# in a least-squares fit to light- and heavy-mes
observables, with these dimensionlessu,s current-quark
masses corresponding to3

mu
1 GeV55.4 MeV, ms

1 GeV5119 MeV. ~35!

This algebraic parametrization combines the effects of c
finement and dynamical chiral symmetry breaking with fre
particle behavior at large spacelikep2 @8#.

The dominant component of thep- andK-meson Bethe-
Salpeter amplitudes is primarily determined by the ax
vector Ward-Takahashi identity@21,27#:

GH~k2!5 ig5

A2

f H
BH~k2!, H5p,K, ~36!

whereBHªBuu
b

0
u→b

0
P

m̄u→0
and @5#

b0
p50.204, b0

K50.319, ~37!

i.e.,BH is the quark–quark mass function obtained from E
~30!–~33! with m̄f50 andb0

f replaced by the values indi
cated. With these dressed-propagators and Bethe-Sal
amplitudes one obtains~in GeV!

f p mp f K mK

Calc. 0.146 0.130 0.178 0.44
Obs.@1# 0.131 0.138 0.160 0.496

~38!

and ^q̄q&1 GeV5(0.220 GeV).3

C. Neutral kaon decay

We now consider the transitionsKS
0→p1p2, p0p0. In

comparison withK1→p1p0 there is a significant qualita
tive difference: all effective operators contribute to the
transitions and furthermore the QCD penguin operato
Q5,6, and ew penguin operators:Q7,8, can direct the transi-
tion through 011 intermediate states. This may have ma
rial consequences.

1. Light scalar meson?

A contemporary analysis ofpp data identifies a scalar–
isoscalars-channel pole with@28#

3«51024 in Eq. ~32! acts only to decouple the large- an
intermediate-p2 domains. The study used Landau gauge becaus
is a fixed point of the QCD renormalization group andZ2'1, even
nonperturbatively@21#.
02520
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m011'0.93mK , G011;0.22– 0.47 GeV, ~39!

and, it is argued, becauseG011 /m011*0.5 a simple Breit-
Wigner form is inadequate as a model for this pole
contribution to the scattering amplitude. The decayt
→ntp

2p0p0 also exhibits a broad scalar resonance@29#,
which, however, has only been characterized by Br
Wigner parameters:

m011'1.12mK , G011→pp'0.54 GeV. ~40!

The small quantitative discrepancy is explicable via para
etrization dependence.

As summarized in Ref.@28#, gg→pp data are consisten
with the interpretation of this pole as a (uū1dd̄) scalar me-
son. However, this interpretation is not universally accept
It is an experimental fact thatpp scattering is very attractive
in the scalar–isoscalar channel and this provides for ano
perspective; i.e., that the 011 resonance is merely app-
rescattering effect@17–19#. In either event, the implications
in the present context are similar: spectral strength in
011 channel, located in the neighborhood ofmK , can sig-
nificantly enhance nonleptonicK0 decays@17,18,25,26#.

Dyson-Schwinger equation studies can contribute so
what to this discussion. The rainbow-ladder approximation
the lowest order in an axial-vector Ward-Takahashi iden
preserving truncation scheme@30#, and a light (uū1dd̄) me-
son is a feature of this approximation. However, there
some model sensitivity and combining the results of fo
independent studies@31–34# yields

m01150.6460.07 GeV. ~41!

This is a simple pole mass. The rainbow-ladder truncation
the quark–antiquark scattering kernel ignores the couplin
the pp loop, which would provide a width. That defect
not significant for ther-meson, where the same collection
models yieldsmr50.75 GeV, with a standard deviation o
,2%, and calculations show that the loop contribution c
be included perturbatively@10,35#, reproducing the experi-
mental value ofGr /mr50.2. However, that is not necessa
ily a reliable guide to the importance of these effects in
011 channel because the width-to-mass ratio is so m
larger in this case.

That the calculated mass in Eq.~41! lies between that in
Eq. ~39! and that of the isovectora0(980) is unsurprising
because the rainbow-ladder truncation yields degene
isoscalar and isovector bound states, and ideal flavor mix
in the three-flavor case. However, this degeneracy sig
another weakness of the ladder-rainbow truncation in
011 channel. The truncation is reliable for flavor-nonsing
pseudoscalar mesons because of cancellations between
tex corrections and crossed-box contributions at each hig
order in the quark-antiquark scattering kernel@30#. However,
these cancellations do not take place in the 011 channel
@36#. In our view, this is inextricably linked with the diffi-
culties encountered in understanding the composition of s

it
6-4
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lar resonances below 1.4 GeV@28,35,37#. For the isoscalar–
scalar vertex the problem is exacerbated by the presenc
timelike gluon exchange contributions to the kernel, wh
are the analogue of those diagrams expected to generat
h-h8 mass splitting in BSE studies@38#.

Hitherto no model bound-state description escapes th
deficiencies and developing an improved kernel is an imp
tant current focus. In the meantime, our discussion indica
that the leading order, chiral symmetry preserving DSE tr
cation supports an existing view that the low-mass spec
strength in 011 channel has a (uū1dd̄)-meson component
The truncation also admits that the properties of this com
nent are materially modified bypp-rescattering effects
which are an additive, nonperturbative contribution to t
quark–antiquark scattering kernel. In quantifying the adm
tures some aspects will be truncation and/or model dep
dent @28#.

2. The decay

To proceed we explore the hypothesis that there is a l
mass scalar–isoscalar meson that can be represented
quark-antiquarks-channel pole characterized by a Beth
Salpeter amplitude. Since the absence of a DSE trunca
reliable in this channel prevents an accurate determinatio
its mass and Bethe-Salpeter amplitude, we parametrize
amplitude as

Gs~k;p!5I D

1

Ns

1

11~k2/vs
2 !2

, ~42!

whereI D5g4
2 andvs is a width parameter to be determine

~This is analogous to our treatment of thep and K meson
amplitudes.! Gs is normalized canonically and consiste
with the impulse approximation; i.e.,Ns is fixed via (q6

5q6 1
2 p)

pm5Nc tr E
q

LFGs~q;2p!
]S~q1!

]pm
Gs~q;p!S~q2!

1Gs~q;2p!S~q1!Gs~q;p!
]S~q2!

]pm
GU

p252m
s
2
.

~43!

We separate theQ6 contribution to theKS
0→pp transi-

tion into two parts and consider first the new class of con
butions, which introduce the putatives intermediate state:

^p~p1!p~p2!uQ6uK0~p!&5^p~p1!p~p2!us~p!&Ds~p2!

3^s~p!uQ6uK0~p!&, ~44!

where we represents propagation by
02520
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Ds~p2!51/@p21ms
2 #, ~45!

with ms a parameter to be determined, and employ the
pulse approximation for thespp coupling

Mspp~p1 ,p2!ª^p~p1!p~p2!us~p!&

52Nc tr E
k

L

Gs~k;p!Su~k11!iGp~k01 ;2p1!

3Su~k12!iGp~k20 ;2p2!Su~k22!, ~46!

kab5k1(a/2)p11(b/2)p2, which provides the basis fo
the calculation ofG011→pp : gsppªMspp(2mp

2 ,2mp
2 ).

This combination of simple-pole propagator plus impulse
proximation coupling to the dominant decay channel is p
nomenologically efficacious; e.g., Ref.@10#, and necessary to
avoid overcounting of final-state interactions@26#.

In impulse approximation

^s~p!uQ6uK0~p!&5A2Nc
2 tr Z4

2E
k1

LE
k2

L

ixK~k1 ; 1
2 p, 1

2 p!

3Om
1xs~k2 ;2 1

2 p,2 1
2 p!Om

2 , ~47!

with Z4(m,L) the mass renormalization constant a
xs(k; l 1 ,l 2) an obvious analogue ofxp(k; l 1 ,l 2) in Eq. ~18!.
Using

tr@G1Om
1G2Om

2#52 tr@G1~12g5!#tr@G2~11g5!#
~48!

this yields

2
1

A2
^s~p!uQ6uK0~p!&

5SA2Nc tr Z4E
k1

L

ig5xK~k1 ; 1
2 p, 1

2 p! D
3SA2Nc tr Z4E

k2

L

xs~k2 ;2 1
2 p,2 1

2 p! D .

~49!

From Refs.@21,27# we identify the first parenthesized term
as the residue of the kaon pole in the pseudoscalar verte

ir KªA2Nc tr Z4E
k1

L

g5xK~k1 ; 1
2 p, 1

2 p!5
f KmK

2

mu1ms
. ~50!

The second term is the scalar meson analogue in the s
vertex but the vector Ward-Takahashi identity, which is r
evant in this case, does not make possible an algebraic
plification. The integral and itsm-dependence must therefor
be calculated. That is straightforward when the renormali
tion-group-improved rainbow-ladder truncation is accura
e.g., Refs.@11,21#, but not yet for scalar mesons. This
where the simple ansatz of Eq.~42! is useful: it yields a finite
integral and we therefore suppressZ4 to obtain
6-5
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2
1

A2
^s~p!uQ6uK0~p!&5r KA2Nc tr E

k2

L

xs~k2 ;2 1
2 p,2 1

2 p!

5:2r Kr s~p2!. ~51!

The result forQ5 is similar, but suppressed by a factor
1/Nc , and the contribution of the ew penguins,Q7,8, can be
obtained similarly.

The other class of contributions, which do not involve
011 intermediate state, can be evaluated following the
plicit example ofQ1 presented above. Only two addition
three-point functions arise:

G p
S~p1 ,p2!5^p~p1!p~p2!u~ ūu1d̄d!u0&, ~52!

2G Kp
S ~p1 ,p2!5^p2~p1!us̄uuK0~p!&. ~53!

They are the scalar pion form factor and the scalarKp tran-
sition form factor, respectively, andG Kp

S (p1 ,p2) can be ex-
pressed without additional calculation in terms of theKl3
form factors@22#:

G Kp
S ~p1 ,p2!5

p1
22p2

2

ms2md
F f 1

K ~2p2
2!1

p2
2

p2
22p1

2
f 2

K ~2p2
2!G ,

~54!

a result which follows from the vector Ward-Takahas
identity. A preliminary result is available forG p

S(p1 ,p2)
@39#, which takes the form anticipated from current algeb
That is to be expected because correctly truncated DSE m
els provide a good description of chiral symmetry and
dynamical breakdown, as illustrated in a study ofpp scat-
tering @12,13#. This makes a calculation ofG p

S(p1 ,p2) un-
necessary for our present analysis because we can adop
form @40# @(r p

S)53.76 GeV21#:

G p
S~p1 ,p2!524

^q̄q&

f p
2 @12 1

6 ~r p
S!2~p11p2!2#. ~55!

The matrix elements for theK→pp transitions can all be
written

MK→pp5MK→pp
QCD 1aemMK→pp

ew , ~56!

with the explicit forms given in the Appendix and the pu
isospin amplitudes defined in Eqs.~2! and ~3!.

III. RESULTS AND DISCUSSION

Everything required for our calculation of the widths
now specified. There are two parameters:vs in Eq. ~42!; and
ms in Eq ~45!. We determine them in a least-squares fit
GK

S
0→p1p2, GK

S
0→p0p0, taken from Ref.@1#; andGs→(pp) in

Eq. ~40!, and obtain~in GeV!
02520
-

i

.
d-

s

the

Obs. Calc.

ms 1.12mK 1.14mK

vs 0.611
Gs→(pp) 0.54 0.54

GK
S
0→p1p2

310215

5.05560.025 5.16

GK
S
0→p0p0

310215

2.30560.023 2.11

GK1→p1p0
310215

0.011260.0001 0.0116

~57!

which is a relative error on fitted quantities of,4%.4 The
value of vs corresponds to anintrinsic s-meson size:r s

I

ª1/vs , which is 0.84r r
I ; i.e, 84% of that of ther-meson

determined in Ref.@5#. With Gs(k;p)}exp(2k2/vs
2) instead

of Eq. ~42!, we find thatms51.12mK , vs50.694 GeV yield
exactly the same results for the calculated quantities. F
thermore, a value ofm01150.7 GeV'1.4mK @24# is ex-
cluded in our analysis: in a description ofK→pp decays it
requiresGs51.41 GeV, which is;3-times the value in Eq.
~40! and;8 standard-deviations larger than the mean-wi
estimated from Ref.@28#.

The parameter values in Eq.~57! also yield r s(2ms
2)

5(0.51 GeV)2, which is comparable with an estimate@41#:
r s(2ms

2)5(0.58 GeV)2, obtained using the separable BS
model of Ref.@32#, and gspp /ms56.4, cf. a renormaliza-
tion-group-improved rainbow-ladder estimate@33#: gspp /
ms54.1. These results are ana posteriorijustification of the
parametrization of thes-meson Bethe-Salpeter amplitude:
yields results consistent with contemporary bound state
culations and the&30% differences enable agreement w
current data analyses. Hence our working assumption is
ternally consistent.

We anticipate that with only small modifications of th
parameters:vs , m011, a description of the quality in Eq
~57! would still be obtained after the inclusion of unitarizin
corrections@20# to the impulse approximation. Such corre
tions appear able to magnify the enhancement from
s-meson intermediate state~by a factor of&1.5) but not
replace it. The impulse approximation, as we have form
lated it in terms of a 011 intermediate meson state, is rel
able at this level. An improved calculation would be an i
ternally consistent combination of a 011-pole andpp final-
state interactions, with the relative strengths allowed to v
in order to explore the necessity, rather than just the su
ciency, of the contributions.

The widths in Eq.~57! are obtained from the calculate
amplitudes@in GeV with mK from Eq. ~38!#

uMK0→p1p2u52.73102755.931027mK , ~58!

uMK0→p0p0u52.43102755.431027mK , ~59!

4We usedGF51.16631025 GeV22, Vts50.0385, Vtd50.0085,
Vus50.220, Vud50.975, Im(Vts* Vtd)50.000133, andci obtained
from Eq. ~A11!.
6-6



rs
th

th

at
a

e

i-

Eq

ar
n
is

o

iv

e

of

-

es

le
-

use
e

ra-
and

res-

cy

lar

ing

-
er,

eri-
ntri-

e

ces
that
in

ex-
ber-

K→pp AND A LIGHT SCALAR MESON PHYSICAL REVIEW C 62 025206
uMK1→p1p0u51.83102854.031028mK . ~60!

For the pure isospin amplitudes we find~in GeV!

Re~A0!531.731028, Re~A2!51.4731028, ~61!

which yield

1/w521.6. ~62!

Our analysis also yields values of the paramete
Bi

(1/2),(3/2), used in phenomenological analyses to express
operator expectation values@2#. Of course,B1

(3/2)50.5, as
discussed in connection with Eq.~29! and, using the formu-
las in the appendix, we obtain algebraically,B1

(1/2)5B2
(1/2)

5B3
(1/2)5B4

(1/2)5B2
(3/2)5B1

(3/2) . We also calculate

B5
(1/2)5B6

(1/2)51.431~17.9!s , ~63!

where the second term is the contribution of thes meson.
The non-s contribution is necessarily large because of
strength of theKp transition form factor. If the vacuum
saturation ansatz is used to estimate the operator expect
values they are all[1. That method does not admit
s-meson contribution nor the effect ofpp final state inter-
actions.

Eliminating the ew penguin contributions yields a,1%
reduction in 1/w, which is consistent with the the magnitud
of aem. Suppressing instead thes-meson contribution, while
not affecting GK1→p1p0 of course @see Eq.~A1!#, yields
GK

S
0→p1p251.3310216GeV, GK

S
0→p0p051.1310217GeV,

and 1/w52.9.
The value ofe8/e follows from Eq.~10!. Suppressing the

s-meson and ew penguin contributions we obtaine8/e
512831023, which is ;60 times larger than the exper
mental average in Eq.~11!. Including thes-meson we find
31.331023. To understand these results we note that
~10! can be written

e8

e
52

1

A2

w

ueu
Im A0

ReA0
H 12

1

w

Im A2

Im A0
J , ~64!

which makes clear that the ratio is determined by Im(A0)/
Re(A0) unless Im(A2)Þ0. Noting that c1,2 are real, Eq.
~A11!, then it follows from Eq.~A1! that Im(A2)50 in the
absence of ew effects. Hence our calculated results are l
because the prefactor in Eq.~64! is large. The dependence o
the s contribution is easily understood. The prefactor
}Im(A0)/Re(A0)2, which is large in the absence of thes
contribution even though Im(A0) and Re(A0) are individu-
ally small. The s contribution adds simultaneously t
Im(A0) and Re(A0) with a magnitude;100 times larger
than the original values. Hence the final ratio is sensit
only to the relative strength of thes contributions, which is
determined by the coefficientsc5,6.

Including both thes and ew penguin contributions w
obtain

e8/e531.731023, ~65!
02520
:
e

e

ion

.

ge

e

from which it is clear that the ew penguins are a correction
orderaem as one would naively expect. In this case Im(A2)
Þ0. However, as observed above, thes-meson enhance
ment responsible for theDI 5 1

2 rule affects the real and
imaginary parts ofA0 simultaneously so that (1/w)Im A2 /
Im A0 remains negligible.

If we employ the artifice of anad hocsuppression of the
s contribution to Im(A0) while retaining it in Re(A0); i.e.,
make the replacement

ciM3→Re~ciM3!, i 55,6,7,8 ~66!

in Eqs.~A1!–~A6!, we find

e8/e52.731023. ~67!

This artifice is implicit in the phenomenological analys
reviewed in Ref.@2# and that is why Eq.~67! reproduces
their order of magnitude. The small value is only possib
because in this case Im(A0) is not s-enhanced and is there
fore of the same magnitude as ImA2 /w}aem/w, due to the
1/w enhancement factor. That factor survives beca
Re(A0) is still magnified as required in order to satisfy th
DI 5 1

2 rule. Currently we cannot justify this procedure.~NB.
If this procedure is followed thenmuÞmd isospin symmetry
breaking effects also contribute significantly toe8/e.!

IV. EPILOGUE

We have demonstrated that estimating theK→pp I 52
matrix element using the impulse approximation is algeb
ically equivalent to using the vacuum saturation ansatz
yields a result that is;2 times too large. The identification
of a compensating mechanism that can remedy this ove
timate is a contemporary challenge.pp final state interac-
tions in theI 52 channel act to ameliorate the discrepan
@20#.

We have also shown that the contribution of a light sca
meson mediated by the QCD penguin operators:Q5,6, is a
plausible candidate for the long-range mechanism underly
the enhancement ofK→pp I 50 transitions.5 Our description
of that enhancement requires a mass and width for this 011

resonance that agree with those recently inferred@28,29#:
m011'mK , G011→pp&m011, and the analysis is not sen
sitive to details of the Bethe-Salpeter amplitude. Howev
this same mechanism yields a value ofe8/e that is
;15-times larger than the average of contemporary exp
mental results unless a means is found to suppress its co
bution to Im(A0).

If a light scalar resonance exists it will contribute in th

5Q5,6 mediated scalar diquark transitions: (us)01
I 51/2→(ud)01

I 50, are
thes→t-channel interchange of the interaction that herein produ
the s-meson. They are a viable candidate for the mechanism
produces theDI 5

1
2 enhancement for baryons. This was explored

Ref. @42#, however, the requirement therein that diquarks also
plain the enhancement for mesons appears unnecessarily cum
some.
6-7
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manner we have elucidated and should be incorporate
any treatment ofK→pp. Even in its absence strongpp
final state interactions play a material role@17,18,20#.
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APPENDIX: COLLECTED FORMULAS

The matrix elements for theK→pp transitions are all of
the form in Eq.~56! with

MK1→p1p0
QCD

5
1

A2
G̃FS 11

1

Nc
D ~c11c2!M1 , ~A1!

MK
S
0→p1p2

QCD
5G̃FH Fc21c41

1

Nc
~c11c3!GM1

12S 1

Nc
c51c6D S M21

1

A2
M3D J ,

~A2!

MK
S
0→p0p0

QCD
5G̃FH Fc42c12

1

Nc
~c22c3!GM1

12S 1

Nc
c51c6D S M21

1

A2
M3D J , ~A3!

MK1→p1p0
ew

52
1

A2
G̃FH 3

2 Fc71
1

Nc
c82S 11

1

Nc
D

3~c91c10!GM113S 1

Nc
c71c8DM 2

bJ ,

~A4!

MK
S
0→p1p2

ew
5G̃FH S 1

Nc
c91c10DM12S 1

Nc
c71c8D

3S M 2
a12M 2

b1
1

A2
M3D J , ~A5!
02520
in

t

,
-
e
-

MK
S
0→p0p0

ew
5G̃FH Fc71

1

Nc
c82S 11

1

2Nc
D c9

2
1

2 S 11
2

Nc
D c10GM12S 1

Nc
c71c8D

3S M21
1

A2
M3D J , ~A6!

M 2
a5r KG p

S~p1 ,p2!, M 2
b5r pG Kp

S ~p1 ,p2!, ~A7!

M25M 2
a2M 2

b , ~A8!

M352r Kr s~p2!Ds~p2!Mspp~p1 ,p2!, ~A9!

with p25(p11p2)252mK
2 , p1

25p2
252mp

2 . These formu-
las make clear the operators that would be suppressed iNc
were large. Note that

MK1→p1p0
QCD

5
1

A2
~MK

S
0→p1p2

QCD
2MK

S
0→p0p0

QCD
!. ~A10!

This is not true of the complete amplitude.
In our calculations we use values of the coefficients t

correspond to our choice ofLQCD;0.2 GeV: ci5zi1tyi ,
t52(Vts* Vtd)/(Vus* Vud) with @2#

zi yi

1 20.407 0.0
2 1.204 0.0
3 0.007 0.023
4 20.022 20.046
5 0.006 0.004
6 20.022 20.076
7 0.003 20.033
8 0.008 0.121
9 0.007 21.479
10 20.005 0.540

~A11!

Using the alternative set listed in Ref.@2# then, with ms

51.06mK andvs50.670 GeV, we obtain results that diffe
from those in Eq.~57! by &1%, ande8/e569.031023 pri-
marily becausey5 in the alternative set is 2.6 times as larg

From the complete matrix elements: Eq.~56! and Eqs.
~A1!–~A6!, we obtain the widths

GK1→p1p05C~mK!uMK1→p1p0u2, ~A12!

GK
S
0→p1p252C~mK!uMK

S
0→p1p2u2, ~A13!

GK
S
0→p0p05C~mK!uMK

S
0→p0p0u2, ~A14!

C~x!5
1

16px
A12

4mp
2

x2
, ~A15!
6-8
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while the matrix element of Eq.~46! features in

Gs→(pp)5
3
2 C~ms!uMspp~2ms

2 ;2mp
2 ,2mp

2 !u2. ~A16!
od

,

v.

l.
.

s

-

ys

A

y

.

,

n.

pp.

.J.

y,

m
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