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SU(3) and nonet breaking effects inK;, — vy induced by s—d+2 gluons due to an anomaly
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In this paper we study the effects sf>d+2 gluon onK — yv in the standard model. We find that this
interaction can induce new sizable &Jand U3) nonet breaking effects i, -», ' transitions and therefore
in K. — yvy due to large matrix elements Ofy(n’)|asG‘;V@g‘”|0> from the QCD anomaly. These new effects
play an important role in explaining the observed value. We also study the effects of this interaction on the
contribution toAmKL,KS.
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It is well known that contributions from an intermediate in the external legs. The QCD corrected effective Hamil-
hadronic state effect play an important role in many lowtonian fors—dyvy is given by
energy processes. Some of the notable examplesKare
— vy [1,2] and Amyg=my —my_ [3-7]. ForK —yy, the Herf(s—dyy) =MR+ME”, 1)

direct contribution due to the quark level-dyy alone ac-  \yherem 7 is the irreducible contribution with the two pho-

counts for only a small portion of the amplitude measured,ns emjtted from particles in the loopl%” is the reducible

experimentally{2,7]. For Amy, the direct contribution due oninution with at least one photon emitted from an exter-
to the AS=2 four-quark operator is again only a fraction of 415 0or d quark.

the experimental value depending on the value of the bag The irreducible contributio 22 is given by[2,7,9]

factor Bx [3,4]. A simple method to estimate the contribu- R
tions from intermediate hadronic states is the pole domi- .16\/§ae.m.GF
nance approximation in which one assumes that a few low MR =—i TNazf* “(kz)m

lying resonances saturate the contribution. The commonly
identified resonances in the above two casesmdter, and

n'. Combined with U3) flavor symmetry, the&, — yy am-
plitude can be estimate[2,6]. If a U(3) nonet is a good
symmetry, the calculations are straightforward. However, noHere e*(k) is the photon polarization vector with momen-
only the nonet but also §8) is known to be broken, so there tymk, L(R)=[1—(+)vs5]/2, N=3 is the number of colors,
are large uncertainties in these calculations. One should als@,=c, +c,/N, x=2k;- kp/ma,, x;=m?/mg,, and Ruvp
study if there are some new contributions in the standard. . ZKIK — Ko €000 KTKD + Ky - Koo (Ko — K1)
model (SM) which have not been examined so far. In this Tpa funct o e rrpa
paper we show that indeed there is a new contribution to

X 2 VEViF(X,x)dy’LR,,,se*#(ky). (2)
i=u,c,t

functionF (x,x;) is given by

KL—vy andArT_\K. This new contribut.ign comes frqm the Xi (Un[1—y(1—y)x/x]
s—d+2 gluon inducedK —7(7') transition, and the inter- F(X, )= ;j dy. (©)
mediaten (7') subsequently decays intpy or changes to 0 y
another neutral kaon through the usued=1 interaction. - Dy i
We find that, because of the large QCD anomaly hadronic The reducible contributioMg” is given by[7,8]
matrix element(z(7')|asG3,G4"10) (G4"=e "*FG2y), Pag,, _ 1 1
the new contributions are sizable and also induce new sizable M}’= 6 — > Vr:jviscllza{ (—k - _k)
SU(3) and U3) breaking effects. T i=uct Pa-¥1 PstKo
The decay amplitudé\y;, of the direct contribution to Py p
;i . . Bl o ; w _ Fsp B
K_— vy from the quark level interactios—dyy in the SM X 0,80 oK1k 21| -~ K )UVBkZ
has been studied befof#,2,7]. Here we improve the calcu- Pa-k1 Pss
lations by including QCD corrections which also serve to set
up our notation. In the SMs—dyy can be generated at +(k1—>k2,k2—>k1;ﬂ—>V,VHM)}(mdLﬂLmsR)
one-loop level by exchanging & boson and quarks with
two photons emitted from particles in the loop and particles X se**(ky)e* " (ky). 4
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In the abovec; are the Wilson coefficients defined in the
following AS= —1 effective Hamiltoniarj9]:

4G,
Het(AS=—-1)=

2

_ > tVﬁVis(CLOk)

i=u,c,

[V;dvqs(clol"_ 20,)

- : (5
k
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find that the contribution related tis not important as long
as ¢ is of order 1. That is, the precise value éfis not
important here and we will sétto be 1 in our later discus-
sion.

To estimate the irreducible contribution, one needs to
know the quantitya,=c;+ ¢, /N. Without QCD corrections,
¢;=0 andc,=1. This gives aa,=1/3. With QCD correc-
tions the value fom, will be altered. The leading and next-
to-leading order corrections t have been calculate®].

where the summation over is on all possible operators, The values ofc; depend on the renormalization scale
four-quark operators, and quark-photon and quark-gluon opSince one does not know precisely where is the matching

erators, which are defined in R¢]. The operators directly
relevant to our calculations to the leading order are

OlzayMLqHy“LS, OZZEyﬂLqu“LS,

e _
O7y:WdUMVF’uV(mdL+ msR)s,

(6)

Oge= %ZEUWTE‘G;;V( mgL + mR)s,

whereG4" andF#"” are the gluon and photon field strengths.
Here we have also written down the operafyg which is
needed for the study cf—dgg.

To obtain the amplitudéy;, for K_— yvy from the effec-
tive HamiltonianH.¢{(s—d+yvy), one needs to bind thetand
s quarks to form a kaon, which involves long distance non
perturbative QCD effects. This effect cannot be calculated
present and is usually parametrized by a decay conbtaas
(0]dy*yss|K% = —if«P§ with fy determined from data.
We have

Agir(KO— y%) = (7¥|Het(O7,)|K)
2\/Eae.m.G‘F
O

frli(NaVigVus

+3&ch, ViV F, F

+36¢7,VigVisF 4, F 41, ()

whereH{(0O-,) indicates the term proportional ©-,, in
the effective Hamiltonian of Eq5). F,,= (1/2)e,,,,sF **.

unva,

In obtaining the above result, we have used the fact that

F(X,Xc1)=—1/2 (large Xx;¢/x) and F(x,x,)~0 (small
x,/x). We also neglected small contributions froa};
which are proportional ta, . [10], but have keptt” which
is —0.3 in the SM.

The parameteg is an average value of the quantiky
(mﬁ/lG)(l/pd- ki—1/ps-ky+1/py-ko— 1/ps-ky). If one
assumes that the ands quarks share the kaon momentum
equally, thené=1 [2]. We have also estimatefl by calcu-

al

scaleu, this causes uncertainty @,. For example, at the
leading order, a,=—0.27 at u~1 GeV, while at u
=1.3 GeV, a,=—0.17 with Ays=325 MeV. At the next-
to-leading order the dependencesgoifor each of thec; and

C, are reduced, but leas still sensitive tow. For example,

in the NDR scheme, fok,s=325 MeV, a, is —0.08 and
—0.1atu=1.0 GeV andu=1.3 GeV, respectively. Allow-
ing the QCD parametey;sto vary within the allowed
range 215-435 MeVa, can vary in the range-0.1 to
—0.35 depending whether the NDR or HV scheme is used
[9]. That is, the value o4, is not well determined even from
next-to-leading order perturbative calculations. When all ef-
fects, perturbative and nonperturbative, are correctly treated,
the final physical observables will not depend on the renor-
malization scalew. Unfortunately, such a calculation is not
possible at present. The parameterbehaves similarly to
the one in hadroni8 andD decays. In botl® andB decays,

Ehe parametem, determined from data|4,|~0.2-0.5) is
very different from the factorization value obtained by insert-
ing ¢, at the relevant scale in the expression &r[12].

One would expect a similar thing to happen in kaon decays
although the details may be different. To take into account
uncertainties in theoretical calculationsay, we will treat it

as a free parameter and allow it to vary in the range of
—0.51t0 0.5. One can also turn the argument around to obtain
information about, from K, — yy data.

For ¢ of order 1, anda, in the range of-0.5 to 0.5, we

find that the dominant diredt°— vy amplitude is from the
irreducible contribution. We have

1L
Adir(KL—>?’7’):|Adir§FWF’”,

8aem Gr
=TfKNa2 RdV:qus).

Adir

®

Using V,4q=0.9735,V,=0.2196, andfy=1.27 , [13],
we obtain

Agir=2.54<10 %2, MeV 1. 9

lating the quantity(0| kd(1+ ys)s|K®) using the perturba- For|a,|=0.5, it is only about 35% of the experimental value
tive QCD (PQCD method and an appropriate distribution of 3.5x107**MeV~* [13]. Without QCD correctionsa,
amplitude of quarks in the kaofll]. This approach also =1/3, Ay, is about 24% of the total amplitude. There must
obtains a value of order 1 f@. One should be aware that the be some other contributions to this process. These effects
applicability of PQCD may not be good here. However, wemay come from contributions with intermediate hadronic

096005-2



SU(3) AND NONET BREAKING EFFECTS IN.. .. PHYSICAL REVIEW 67, 096005 (2003

states or even contributions from new physics beyond th&M and see how contribution from hadronic intermediate
SM. If one has a good understanding of all SM contributions states can affect the results.

one can make a detailed study of new physics beyond the Several analyses have been carried out using a pole model
SM. It is probably too early to say that new physics is neededavith 7°, %, and#’ poles to calculate the hadronic interme-
here due to large uncertainties in the possible hadronic intediate contribution. In this model, the amplitudg,,q from
mediate contributions. Therefore we will work within the exchange of intermediate hadronic states is givehady

C o (mHWIKY[  mR-mE A(p—yy) (146 2
Anag=A(T = y7) 1+ = cosf+2~\ [ —=psind
mg—me | mim A%y | 3 e

mz —m2 A(n'_wy)(lﬂs [2 )] (
+ = sing—2~\/—=pcosh | |, 10
mﬁ—mf], A(7%— vy) \/§ \/5

w

whered is the »-n’ mixing angle ands is the SU3) break- 2aGr . 1
ing parametef6]. The parametep parametrizes the 3) AKL—99) =55 fNag Re(VygVus)i 56,65 "
nonet breaking effect and is defined as (12)

The above interaction can induce larige-7, 7’ transitions
3(71|Hw|KO) 1 and therefore contribution t&, — vy, because QCD can
8 (O Hy|KO) (11) induce large matrix elements me(n’)|asGiyég‘V|0>.
The QCD anomaly implies that the divergence of the sin-
glet currentai=Uy#y5u+dy#y5d+5y#755 is not zero in
In the nonet limitp=1. A chiral Lagrangian analysis gives the limit of zero quark masses, and is given by
(mO|Hw|K )=1.4x10""mZ [6]. Using experimental values - o
for 7% 7, 7' — vy, Anaq can be estimated. (n(n')]0*a,]0)=(n(n')|2i(Myuysu+mydysd
The above contributions can be viewed as obtained via
Anad=Zi(¥7li)(i|Hes(AS=—1)|K) with i=7° 7,7 in
the pole model approximation. Heﬁeff(AS=—1) is the ,
full AS=—1 effective Lagrangian with th€®,, term re- —\ n(7")
moved since it has been counted as a contributioA jp.
Therefore Ay, and An.q are contributions from different while for the octet current ai:U‘)/MYSu+E’)/;L75d
sources. In previous calculations the contributionsAQkq
from Ogg were not consideref®,6]. We now study in detalil
the effect of this interaction oK — y7y. I\ a2a8] A\ — N2 11 =y
At the quark-gluon levelQgg inducess—d+gg. To ob- (n(n")]o a"|0>_<7](7’ )[21 (myuysu mqd ysd
tain Anaq, One needs to estimate the contribution frem —2mSysS)|0). (14)
—d+gg to K%z,%" through gg—#,7'. The effective
Hamiltonian M9 ., for s—dgg, with the color singletds Sincem, 4 are much smaller tham, one can neglect terms
bispinor product, can be obtained by some simple replacg?roportional tom, 4. One then obtains
ments fromM/dr. To obtainM{{g ; one first replaces the

+ ms§755)|0>

3ag ~ .
7 CuCa

O>, (13

—2sy,,75S one obtaing14]

photon polarization vectors*(k;)e”(k,) by the gluon po- <77’(p) 3_aSGa ég” 0> — \ﬁ( \/Eflcosa

larization vector €4 (kq)es(k,) with the color index a 4m K 2

summed over. Then one replaces,, by a4(9/4)/(2N) and +f45in6)p2,

@e.m.Cip bY asCse/(2N) for MY andME°, respectively7].

The factor 1/(2) comes from picking up the color singlet 3ag B 3

part. < 7(p) 4—G;°‘WG§;” O> = \[5(_ \/Eflsino
Similar to the procedure in obtaining the amplitullg, m

for K. — vvy, one can obtain the amplitude f&; —gg. We +fgc0s6)p2, (15)

find that with ¢ of order 1,a, in the range of—0.5 to 0.5,

andchs~—0.15 as given in the SM, the irreducible contri- wheref, g are the singlet and octet pseudoscalar decay con-
bution, again, dominates the amplitude. We have stants.
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If there is non-»' mixing and all quark masses are equal, The K| — », 7’ transitions induced bg—dgg will induce
thegg state, being a flavor singlet, can have only transitionshonet and S(B) breaking in the total amplituda®@'. Nor-
to ;. Because of they-»" mixing and the different quark malizing the signs of each contribution to theoretical calcu-
masses, both (3) nonet and S(B) symmetries are broken. lations, we finally obtain

cosé

Atotal ’A +’A( 0 )<7TO|HW|K|_>[ mﬁ—mi ’A(n—wy'y) (1+5+599
= Adir =YY

" i

1 =
me—mZ | T mg—m} A(n— yy)
2 mz—m2 A(n'—yy) [ 1+ 6+ 599 2
+2\/—=(p+r¥9sing | + I sind—2~\/—=(p+r%cosd ||, (16
V3 mic—m;,, A(m" —yy) V3 V3

where 599 andr99 are the SW3) and nonet breaking induced estimate for the parametgr Since we are interested to see
by thes—dgg interaction. They are given by how the news—dgg interaction induces (B) nonet break-
ing effect, we will takep=1 and attribute nonet breaking
solely tor99. As has been discussesl~dgg also induces
, G Re(V; Vs SU(3) breaking effect. This effect was not included in other
699=— \/Efongo—az, fittings. We therefore should include this new SWbreaking
(m | HwlKy) effect also
Without the s—dgg effect, we find that the amplitude

. Atetalis equal to 5.5(% 0.46a,) X 10”12 MeV ™1, which is
r99=— 6%, (17 considerably larger than the experimental value 3.5
8 X 10" 2 MeV~* [13] for |a,|<0.5. With the new effect, we

We find find
f f Alotal=5 51+ 2 14a,) X 1012 MeV 1. (19
8 1
599_0'961‘_,(612’ re8= _0'481‘_Ka2' (18 To reproduce the central experimental valag,is required
to be —0.17, which is a reasonable value to have.

We see that the corrections can be sizable and cannot be The detailed numerical results depend on several param-
neglected. eters. Even with other parameters fixed, one can also intro-
We now provide some details for numerical calculations.quce a phase ia,. To fit the K, — yy data, the values for

There are several parameters invoIvedRi,q‘hd, the mixing  the magnitude and phase a$ can vary. We would like to
angle, the decay constanfs g, the SU3) and U3) nonet  emphasize, however, that the new effect discussed can play
breaking parameter8 and p, and the parameteax,. Chiral  an important role irK, — yy independent of the details.
perturbation calculations and fitting data not involvikg The new contributions foK —#(#%") transitions also in-

— vy have obtainedd~ —20°, §~0.17, fg=~1.28 ., and duce a new hadronic intermediate state effect inkheand
f1~1.10f . [15]. We will use these values for these param-Kg mass difference parameter R&(,) in the pole domi-
eters in the calculation ok, — yy. There is not a reliable nance approximation. We fird]

KO HW KSR  mE—m2 [ 1+ 6+ 59 2 ?
2mg ReM 1) = CR cosf+2\[— (p+r99sing
mﬁ—mi mK_mrl \/§ \/5

m2 —m?2 ( 1+ 5+ 899 [ 2 ?
+ sind—2~/— (p+r99cosd | |. (20
mg—m V3 V3

2
7]7
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Without the new effects, the above would lead Aong In conclusion we have evaluated additional contributions
=—0.5X10 2 MeV, which is a non-negligible portion of to K, —#(#’') transitions froms—dgg in the standard
the experimental value of 3510 12 MeV. With the new  model. These transitions induce new sizablgBlnd U3)
effects anda,=—0.17 as determined fronK, — vy, the  breaking effects and have significant effects on contributions
contribution toAmy is —0.9x 10™** MeV, and againitcan- to K, —yy andAmg.

not be neglected. The new effectin — 7, 5, 7’ transitions

can have a sizable contribution famy . The work of X.G.H. was supported in part by the National
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used. Recent lattice calculations indicate that the pseudd@upported in part by the National Natural Science Founda-
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