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Charge asymmetry in KÁ\pÁgg induced by the electromagnetic penguin operators
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The CP-violating charge asymmetry in the decaysK6→p6gg, which is induced by the electromagnetic
penguin operators, has been studied both in the standard model and in its extensions. Because of a large
enhancement of the Wilson coefficients of the electromagnetic penguin operators in the supersymmetric ex-
tensions of the standard model, a significant upper bound on this charge asymmetry could be expected, and
thus high-precision measurements of this interestingCP-violating quantity might explore new physics effects
beyond the standard model.

DOI: 10.1103/PhysRevD.67.074028 PACS number~s!: 13.20.Eb, 11.30.Er
h
s
e
m

an

d
n

rC

fi-

-
ao

he
y
a
s
by

a

the
the

at
a-
Rare kaon decays provide a very useful laboratory bot
test the standard model~SM! and to explore new physic
beyond it @1–4#. It is of particular interest to study th
CP-violating effects, which arise in such weak decays fro
dimension-five operators, including the electromagnetic
chromomagnetic penguin operators~EMO and CMO! since
theCP violation induced by these operators is suppresse
the SM; however, it could be enhanced in its extensio
@5–12#. On the other hand, present experiments, Hype
@13#, and future NA48 experiments@14#, are going to sub-
stantially improve the present limits on the Wilson coef
cients of these operators by studyingCP-violating charge
asymmetries in charged kaon decays, such asK6

→(3p)6, K6→p6,1,2, as well as one-photon or two
photon radiative decays. It is expected that charged k
decays could be an ideal framework to explore directCP
violation, or CP violation of pure DS51 origin
@3,6,7,11,12,15#. The purpose of this paper is devoted to t
analysis of theCP-violating charge asymmetry induced b
the EMO in the two-photon radiative charged kaon dec
K6→p6gg, both in the SM and in its possible extension

The general weak effective Hamiltonian, contributed
the EMO and CMO, can be written as@5#

Heff5Cg
1~m!Qg

1~m!1Cg
2~m!Qg

2~m!1Cg
1~m!Qg

1~m!

1Cg
2~m!Qg

2~m!1H.c., ~1!

whereCg,g
6 are the Wilson coefficients and

Qg
65

eQd

16p2
~ s̄LsmndR6 s̄RsmndL!Fmn, ~2!

Qg
65

gs

16p2
~ s̄LsmntadR6 s̄RsmntadL!Ga

mn . ~3!

Here Qd521/3, andsmn5 i /2@gm ,gn#. Note that Eq.~1!
with complex Wilson coefficientsCg,g

6 could lead to new
flavor structures beyond the SM, which generally dep
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from minimal flavor violation@16#. It is easy to see that the
SM structure,SU(2)L3U(1)Y , will impose the following
chiral suppression for these operators@17,18#:

H eff
SM5

GF

A2
VtdVts* FC11

gs

8p2
~mds̄LsmntadR

1mss̄RsmntadL!Ga
mn1C12

e

8p2
~mds̄LsmndR

1mss̄RsmndL!FmnG1H.c., ~4!

with

C11~mW!5
3x2

2~12x!4
ln x2

x325x222x

4~12x!3
, ~5!

C12~mW!5
x2~223x!

2~12x!4
ln x2

8x315x227x

12~12x!3
, ~6!

wherex5mt
2/mW

2 and ta are theSU(3) matrices. However,
as we shall see, new flavor structures, for instance, from
supersymmetric extensions of the SM, allow us to avoid
chiral suppression for the operators in Eq.~4! @19#.

It has been known that theK6→p6gg transitions are
dominated by long-distance effects@20,21#. Within the
framework of chiral perturbation theory@20,22#, K6

→p6gg receives the first nonvanishing contribution
O(p4) including both loops and anomalous and nonanom
lous couterterms. The generalO(p4) amplitude of the decay
can be decomposed in the following way@20#:

M @K1~k!→p1~p!g~q1 ,e1!g~q2 ,e2!#

5e1m~q1!e2n~q2!FA~y,z!

mK
2 ~q2

mq1
n2q1•q2gmn!

1
C~y,z!

mK
2

«mnabq1aq2bG , ~7!
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with

y5
k•~q12q2!

mK
2 , z5

~q11q2!2

mK
2 . ~8!

The physical region in the dimensionless variablesy andz is
given by

0<uyu<
1

2
l1/2~1,z,r p

2 !, 0<z<~12r p!2, ~9!

wherer p5mp /mK and l(a,b,c)5a21b21c222(ab1ac
1bc). Note that the invariant amplitudesA(y,z) from loops
and nonanomalous counterterms, andC(y,z) from anoma-
lous counterterms have to be symmetric under the in
change ofq1 and q2 as required by Bose symmetry. In th
SM, theO(p4) amplitude forA(y,z) has been given in Ref
@20#, which is

A~y,z!5
G8mK

2 aEM

2pz F ~r p
2 212z!FS z

r p
2 D

1~12r p
2 2z!F~z!1 ĉzG , ~10!

where aEM5e2/4p, and uG8u59.231026 GeV22. We do
not display the explicit expression forC(y,z) since it is ir-
relevant to the present discussion.F(z/r p

2 ) andF(z) are gen-
erated fromp and K loop diagrams respectively, whic
could be defined as

F~x!55 12
4

x
arcsin2SAx

2 D , x<4,

11
1

x S ln
12A124/x

11A124/x
1 ip D 2

, x>4.

~11!

ĉ in Eq. ~10! is from O(p4) nonanomalous local counte
terms,

ĉ5
128p2

3
@3~L91L10!1N142N1522N18#, ~12!

whereL9 and L10 are couplings in theO(p4) strong chiral
Lagrangian@23# andNi ( i 514, 15, 18! are couplings in the
O(p4) weak chiral Lagrangian@22#.

From Eq.~11! it is obvious that thep-loop contribution,
which is proportional toF(z/r p

2 ) in Eq. ~10!, will generate a

CP invariant absorptive part. Thus ifĉ has a nonvanishing
phase, the interference between these two parts will lea
the charge asymmetry inK6→p6gg as follows@20,24#:

dG

2G
5

uG~K1→p1gg!2G~K2→p2gg!u

G~K1→p1gg!1G~K2→p2gg!
, ~13!
07402
r-

to

dG5uG~K1→p1gg!2G~K2→p2gg!u

5
Im ĉuG8aEMu2mK

5

210p5 E
4r p

2

(12r p)2

dzl1/2~1,z,r p
2 !

3~r p
2 212z!z Im F~z/r p

2 !. ~14!

Thus information about the imaginary part ofĉ is relevant to
the estimate ofdG. It is clear thatL9 and L10 cannot con-
tribute to it. In the SM, Imĉ is therefore governed by th
weak-coupling combinationN142N1522N18 due to the
Cabbibo-Kobayashi-Maskawa~CKM! phase@27#. This point
has been explored in the past literature, and some small
ues of the charge asymmetry inK6→p6gg have been ob-
tained in Refs.@24,3# and @25#, respectively;

S dG

2G D SM

!1023 @24#, ~15!

and

S dG

2G D SM

,1024 @3#. ~16!

We would like to give some remarks here. First, Eq.~15! is
the updated version of the result given in Ref.@20#, and a
vanishing imaginary part ofN142N1522N18 has been pre-
dicted by the authors of Ref.@28# using 1/NC analysis. Sec-
ond, in deriving Eq.~16!, the O(p6) unitarity corrections
@25,26# from the physicalK6→3p vertex to K6→p6gg
have been taken into account. As an order-of-magnitude
timate for the charge asymmetry inK6→p6gg induced by
the EMO, in the present paper we do not consider theO(p6)
unitarity contributions since, as pointed out in Ref.@25#, it
does not alter significantly the value of the charge asymm
try obtained atO(p4) in chiral perturbation theory.

Let us now try to delve into the analysis of th
CP-violating charge asymmetry inK6→p6gg arising from
the EMO formulated in the general effective Hamiltonian
Eq. ~1!. It will be shown below that this asymmetry is ver
small in the SM, however, it could be significant in the s
persymmetric scenarios beyond the SM by comparison w
those given in Eqs.~15! and~16!. Using the same way given
in Ref. @9#, we first construct the effective Lagrangian th
represents the EMO. In fact there are many possible ch
realizations of these operators. To the purpose of this pa
the leading orderO(p4) realizations of the EMO, which are
relevant toK→pgg transitions, could be expressed as

L5a1L11a2L2 , ~17!

L15
eQd

16p2
Cg

6^lU~FLmn1U†FRmnU !6l

3~FLmn1U†FRmnU !U†&Fmn1H.c., ~18!

and
8-2
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L25 i
eQd

16p2
Cg

6^lULmLn6lLmLnU†&Fmn1H.c., ~19!

where a1 and a2 are unknown coupling constants,Lm
5 iU †DmU, and (l) i j 5d3id2i . We use the standard notatio
in chiral perturbation theory@29#, FLmn5FRmn5eQFmn ,
DmU5]mU2 ie@Q,U#Am , andQ5diag(2,21,21)/3. U is
a unitary 333 matrix with detU51, which collects the
Goldstone meson fields (p, K, andh) as follows:

U5exp~ iA2F/ f p!,

F5
1

A2
lafa~x!5S p0

A2
1

h8

A6
p1 K1

p2
2

p0

A2
1

h8

A6
K0

K2 K̄0 2
2h8

A6

D ,

~20!

where the la’s are 333 Gell-Mann matrices andf p

.93 MeV. Note that our result@Eq. ~17!# is not contrary to
that in Ref.@28# since it does not give any contribution to th
imaginary part of the weak-coupling combinationN142N15
22N18. However, it is easy to see that the effective L
grangian@Eq. ~17!# will give new contributions to decay
K1→p1gg and K2→p2gg, respectively, one can there
fore expect that the new structures in Eqs.~18! and~19! with
the complex Wilson coefficientsCg

6 will induce a possible
charge asymmetry inK6→p6gg decays. Consequently, th
interference between the amplitude forK6→p6gg from
Eq. ~17! and the absorptive part in Eq.~10! will give

dGEMO5uG~K1→p1gg!2G~K2→p2gg!uEMO

5
aEM

2 uG8umK
5

3•28p5f p
2 UIm Cg

1S 2

3
a12a2D U

3E
4r p

2

(12r p)2

dzl1/2~1,z,r p
2 !~r p

2 212z!z

3Im F~z/r p
2 !. ~21!

The first observation ofK1→p1gg has been reported b
the BNL E787 Collaboration@21#, and the branching ratio o
the decay has been measured@21,30#,

Br~K1→p1gg!5~1.160.360.1!31026. ~22!

Thus we have
07402
-

S dG

2G D EMO

5~2.460.7!3106UIm Cg
1S 2

3
a12a2D U. ~23!

Our next task is to evaluate the magnitude of ImCg
1 and

(2/3a12a2) to check whether it is possible to get a signi
cant charge asymmetry ofK6→p6gg from Eq. ~23!. How-
ever, since unknown constantsa1 and a2 in Eqs. ~18! and
~19! are related to the low-energy chiral dynamics, at t
present we have no model-independent way to give a relia
determination of them. In the following we will estimat
them using naive dimensional analysis, within the chi
quark model, and employing lattice calculation, respective

Naive dimensional analysis. As the order-of-magnitude
estimate, using naive dimensional analysis@31#, we can ob-
tain

a1;a2; f p

f p

Lx
, ~24!

with Lx54p f p as the chiral symmetry spontaneous
breaking scale. So we get

US 2

3
a12a2D U;a1;a2;

f p

4p
~25!

and

S dG

2G D EMO

;1.83104 GeVuIm Cg
1u. ~26!

The chiral quark model. The chiral quark model has bee
extensively used to study low-energy hadronic physics
volving strong and weak interactions@32–35#. In order to
study the directCP violation in decaysK→p,1,2(,
5e, m), this model has been employed by the authors
Ref. @12# to evaluate the Bosonization of the EMO, whic
corresponds to thea2 part in Eq.~17!. In the same way as
that in Ref. @12#, one can obtain the effective Lagrangia
corresponding to thea1 part in Eq.~17!. This leads to

a15
f p

2

4MQ
, a25

3MQ

8p2
, ~27!

where the constituent quark massMQ could be set about 0.3
GeV @12#. Thus we get

S dG

2G D EMO

5~1.660.4!3104 GeVuIm Cg
1u. ~28!

Lattice calculation. So far there is no direct lattice calcula
tion ona1 anda2. However, note that thea2 part in Eq.~17!
will also contribute to transitionK→pg* →p,1,2, and the
first lattice calculation of the matrix element of the EMO
^p0uQg

1uK0&, has been done in Ref.@36#. One therefore
could determine the value ofa2 by comparing the result from
Eq. ~17! and that from the lattice calculation. In general, t
matrix element of the EMO can be parametrized in terms
a suitable parameterBT @5,36#:
8-3
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^p0uQg
1uK0&5 i

A2eQd

16p2mK

BTpp
mpK

n Fmn . ~29!

On the other hand, using the effective Lagrangian in
~17!, one can get

^p0uQg
1uK0&5 i

A2eQd

16p2mK

2a2mK

f p
2

pp
mpK

n Fmn . ~30!

SinceBT51.1860.09 has been found in the lattice calcul
tion @36#, from Eqs.~29! and ~30!, we have

a250.01060.001 GeV. ~31!

Unfortunately, now we are not able to use the similar way
extract any information ona1 from the lattice calculation.
However, by comparing the value ofa2 in Eq. ~31! with
those from naive dimensional analysis@in Eq. ~24!# and the
chiral quark model@in Eq. ~27!#, one can find that they are o
the same order of magnitude. Meanwhile,a1 from Eqs.~24!
and~27! are also of the same order of magnitude. This le
to the same order of magnitude estimates for the cha
asymmetry in Eqs.~26! and ~28!, which are from naive di-
mensional analysis and the chiral quark model, respectiv
Therefore, in general,

S dG

2G D EMO

;1.03104 GeVuIm Cg
1u ~32!

could be expected except in a fine-tuning case in which th
is an accidental cancellation between 2/3a1 anda2 ~since we
cannot reliably fix the relative sign ofa1 anda2 in a model-
independent way!.

In order to go further into the charge asymmetry in E
~32!, now one has to compute the imaginary parts of
Wilson coefficientsCg

6 , which are related to the shor
distance physics. In the SM it is easy to get ImCg

1 from Eqs.
~1! and ~4! as

uIm Cg
1uSM5

3GF

A2
~ms1md!uIm l tC12u, ~33!

where l t5VtdVts* . Due to the smallness of Iml t;1024,
this contribution from the SM to the charge asymmetry
K6→p6gg is strongly suppressed and could be negligib
Therefore in the following we will turn our attention to phy
ics beyond the SM.

Among the possible new physics scenarios, low-ene
supersymmetry~SUSY! @37# represents one of the most in
teresting and consistent extensions of the SM. In gen
supersymmetric models, the large number of new partic
carrying flavor quantum numbers would naturally lead
large effects inCP violation and flavor-changing neutral cu
rent ~FCNC! amplitudes@38#. Particularly, one can genera
07402
.
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the enhancement ofCg, g
6 at one loop, via intermediate

squarks and gluinos, which is due both to the stron
coupling constant and to the removal of chirality suppress
present in the SM. Full expressions for the Wilson coe
cients generated by gluino exchange at the SUSY scale
be found in Ref.@19#. We are interested here only in th
contributions proportional to 1/mg̃ , which are given by

Cg,SUSY
6 ~mg̃!5

pas~mg̃!

mg̃

@~dLR
D !216~dLR

D !12* #FSUSY~xgq!,

~34!

Cg,SUSY
6 ~mg̃!5

pas~mg̃!

mg̃

@~dLR
D !216~dLR

D !12* #GSUSY~xgq!,

~35!

where (dLR
D ) i j 5(MD

2) i L j R
/mq̃

2 denotes the off-diagonal en
tries of the ~down-type! squark mass matrix in the supe
CKM basis,xgq5mg̃

2/mq̃
2 with mg̃ being the average gluino

mass andmq̃ the average squark mass. The explicit expr
sions ofFSUSY(x) and GSUSY(x) are given in Ref.@5#, but
noting that they do not depend strongly onx, it is sufficient,
for our purposes, to approximateFSUSY(x);FSUSY(1)52/9
and GSUSY(x);GSUSY(1)525/18. In any case it will be
easy to extend the numerology oncexgq is better known.
Also the determination of the Wilson coefficients in Eqs.~34!
and ~35! can be improved by the renormalization-grou
analysis @5,36#. Then by taking mg̃5500 GeV, mt
5174 GeV, mb55 GeV, andm5mc51.25 GeV, we will
have

uIm Cg
1uSUSY52.431024 GeV-1uIm@~dLR

D !211~dLR
D !12* #u.

~36!

Using the experimental upper bound on the branching r
of KL→p0e1e2 measured by the KTeV Collaboration@39#,
the lattice calculation@36# has given

uIm@~dLR
D !211~dLR

D !12* #u,1.031023 ~95% C.L.!.
~37!

Thus from Eqs.~32!, ~36!, and~37!, the charge asymmetry in
K6→p6gg induced by the EMO in the supersymmetr
extensions of the SM could be bound as

S dG

2G D
SUSY

EMO

,a few 31023, ~38!

which is significantly larger than the charge asymmetr
given in the SM@3,24,28#.

In conclusion, we have studied theCP-violating charge
asymmetry induced by the electromagnetic penguin op
tors in K6→p6gg transitions, and supersymmetric exte
8-4
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sions of the SM may enhance the Wilson coefficients of th
operators, which leads to interesting phenomenology in
study. It is found that the constrain imposed by experime
@39# on the SUSY parameteruIm@(dLR

D )211(dLR
D )12* #u allows

a significant upper bound on the charge asymmetry give
Eq. ~38!. Our analysis shows that the charge asymmetry
6.

L.

y

c
-
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,
.
,

l.
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K6→p6gg up to 1023 would be a signal of new physics
and thus high-precision measurements of thisCP-violating
observable might probe interesting extensions of the SM

The author wishes to thank G. D’Ambrosio for very hel
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NSF of China under Grant No. 10275059.
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