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The existence of empirical tests for the validity of chiral perturbation theory in the analysis of nonlep-
tonic kaon decay is pointed out in the context of K — 2m,37 processes. Comparison with existing data

reveals good agreement with the chiral constraints.
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Modern particle physics is based on the validity of
QCD as the basis of quark-quark interactions. The study
of low-energy processes is thereby severely hindered by
the nonlinear and nonperturbative nature of gluonic in-
teractions, limiting the possibilities for rigorous calcula-
tions. This situation has been somewhat obviated, howev-
er, with the development of methods such as chiral per-
turbation theory (ChPT) which rely only on basic sym-
metries of the strong interaction and which therefore are
not restricted by the calculational limitations [1]. There
is a corresponding price in that ChPT represents an ex-
pansion in energy-momentum and is therefore only useful
for processes with E < A,, where A,==1 GeV is the chiral
scale parameter [2]. However, for such processes ChPT
provides a reliable and systematic calculational scheme.
The formalism associated with mesonic processes has
been carefully developed in a series of papers by Gasser
and Leutwyler and successfully applied to a wide range of

low-energy processes by these and other authors [3]. Re-
sults are generally in excellent agreement and the validity
of ChPT can be tested in specific relationships between
empirical parameters [4].

A corresponding formalism has been developed for the
sector of nonleptonic weak interactions and also applied
to a range of different decays [5,6]. In this case, howev-
er, the data base is considerably smaller and empirical
tests are scarce. The purpose of this Letter is to show
that specific tests for the validity of chiral methods exist
within the K — 2,3 sector, and to confront such tests
with experimental data. In the following we present a
brief review of the chiral formalism and K — 2,37 phe-
nomenology while constructing these chiral consistency
checks. The significance of our results is summarized in a
brief concluding section.

First consider the experimental situation. For K — 2x

| Wecan perform an isospin decomposition [7,8]

AK"— n7*) = =173 465 2K" = (1/N/6) 425421 'K "+ 5527 °K")

(D

where the A4, represent weak decay amplitudes for decay into a xx final state of total isospin / with phases contained by

the Fermi-Watson theorem

Ar=i|Arlexpid; .

(2)

A fit to experimental data yields the values given in Table I, with the relative phase between I =0 and 2z final states
determined to be 8, — 8= —57° =4°. Here s,/2,83/2 are “iso-spurions” with 7 -s3, =0, which account for the quantum

numbers of the nonleptonic weak interaction [8],

§|/3=(0 —l), §3/2=é‘x(|_7 0)+é‘~(5‘i0)+é;(0 l).

(3)

Similarly for K — 37 we can make an isospin decomposition [7]

A (K"H ﬂaﬂhﬂ") = _5"”5]/21’(K"F|/2(Sa,Sh,S(-)+5ah§§/2K"F3/2(.8‘,,,.8‘/,,5(.)

+ig™(5521 K"+ 5921 K")G 3/2(54,5,5. ) + permutations ,

where Bose symmetry requires

. +1, f=F[ B
S (sa,8p.5.) =Ag f(sp,54,5.) with Ax =

-1, f=Gip,

(4)

(%)

with s; = (k —g;) 2. We parametrize these functions by keeping terms up to quadratic order in s;:
q

V2F 1 Gavshs ) =ar—BiYe+ o Y2+ Y X))+ 0,8, (Y2E— Y X2,

V2G 35(sa,58,5) = (1 /N3 13X, — 3 EXL Y,

1818

(6)



VOLUME 68, NUMBER 12

PHYSICAL REVIEW LETTERS

23 MARCH 1992

TABLE I. Measured and fitted values for K — 37 expansion parameters, all given in units of

10 7% (Ref. [9]).

Lowest order Full fit
Expt. fit [Eq. (9)] [Egs. (9) and (12)]
Ao (keV) 0.4699 +0.0012 0.4698 (fit) 0.4698 (fit)
A, (keV) —0.0211 £0.0001 —0.0211 (fit) —0.0211 (fit)
aj 91.71 £0.32 74.0 91.8
asz —17.36 £0.47 —4.1 —7.6
B —25.68+0.27 =16.5 —25.6
Bs —2.431041 -1.0 —=2.5
Y3 2.261+0.23 1.8 2.5
e —0.47+0.15 —0.6
s} —0.21 £0.08 —0.02
& —1.51%£0.30 =15
& —0.12%+0.17 —0.05
&3 —0.21 £0.51 —=0.08
where I=1, 3, with
1, I=71,
- __ ST S0 =sb—sa —_ 1
o -2 =1, Y. = m X, m so—sz:sj. (7)
If the phenomenological parameters a;, B;, etc., are taken |
to be approximately real (since nan phase sh1ft§ are o 5—14n . o)
presumably small) a phenomenological fit to available 1—n
K — 3r data reveals the values given in Table 1. 5 15 3—2p
To second order in momentum the chiral Lagrangian KY3= ™~ 3 P — €3, (9g)

which describes nonleptonic weak decays must be of the
form [5,6]

LB =c,TrreL L +c3tfl TrQiL, TrQfL* (8)

with L,=iU'd,U representing the left-handed weak
current. Here

.8
U=6Xp [FLO ZI }\.j¢j]
J=

is the chiral matrix, with A; representing the SU(3) ma-
trices and F¢ being the pion decay constant to lowest or-
der in chiral symmetry. Also, (Q/)y =8y8;x are 3x3
flavor matrices, while A =Q%+ Q3 and i project out the
octet and 27-plet components of the weak interaction, re-
spectively. By expanding in powers of the pion field, we
can determine the phenomenological parameters A;,a;,
Bi.vi in terms of ¢2,¢3 [9): AI=1,

miAo=iV6Fp(1 —n)(c;— %¢3), (9a)

mia =+ plea—%¢3), (9b)

mgpi=—nplc;— % c3); (9¢)
Al=73,

mgA;=i(Q0/~/3)Fp(1 —n)cs, (9d)

mias=7% pc3, (%e)

where we have defined p=m@/F}Fx and n=m}/m. At
the two-derivative level then we have five requirements of
chiral symmetry—i.e., with c¢;,c3 determined from
|Aol,] 42| we predict the values shown in column two of
Table 1. Since loop effects and/or terms arising at the
four-derivative level produce corrections of O(m#/A})
~25% we would expect general agreement between the
theoretically predicted and experimentally determined
values of the five K— 3z parameters but only up to this
level of precision, and this is indeed confirmed with the
data. Actually these results are not at all new and follow
from current-algebra-PCAC (partial conservation of
axial-vector current) requirements first written down
nearly a quarter-century ago [8]:

AK"— nrbr*

lim
.0

q

(10)

where /¢ represents the isospin operator. Thus, e.g., Eq.

(10) requires, for K®— z*z =",

loimo (a| _ﬂ|Y0) = (f/ZF”)V2/3A0 s
q° -

=—G/F ) nz? |1, # KD+ 0(m?),

an
lim (a;—pYo) =0,
q* +0

whose solution is given by Egs. (9b) and (9¢c). Similarly
one can reproduce Egs. (9e¢)-(9g) by working in the
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Al = % sector.

What is new is the ability to identify chiral symmetry structures at the loop and four-derivative level. The most gen-
eral form for the four-derivative AS =1 weak Lagrangian has been given by Kambor, Missimer, and Wyler [6]. The
form is lengthy, involving eighty-two separate terms, and will not be required here. What is needed is simply the general
result for the contribution from weak counterterms of four-derivative form and O(mg) which has been recently given

[9,100: A7 =1

A()=_I'%\/2—/§F,,;)(G|+Gg), a) = — 77 p(C|+(lw+G ) [31—— *np(~2G. 2(;3+G4),
L, - (12a)
Si=anpGs &=—5npGs;
Al=7,
Ay=iQU3VDF Gy, a3= 3 p(G2+2G5), y= v np(10G2+G), 13=—(5/4V3)np(6G2+G?7) ,
(12b)

G=3n’pGs. &=— 3y n’pGe, &= n%pG.

Here G;, i=1,...,7, represent various combinations of
four-derivative counterterms, whose explicit form can be
found in Ref. [9]. The important point is that these
order-four counterterms can be determined empirically
—a general coefficient in the K — 2x,37 isospin decom-
position can be written in the form

A=Al + A2 )+ AR () + 1Al W), (3)

where ** 4% (% 4{4)) is the tree-level contribution from
the weak (strong) Lagrangian of order 4 and A% (1) is
the one-loop correction arising from L~ The param-
eter u represents the scale parameter introduced when re-
normalizing the dimension-four counterterms and the
sum of the last three contributions is u independent. The
loop corrections have been calculated, yielding the values
given in Ref. [9]. Using these values, one can then fit to
the empirically determined parameters in order to deter-
mine the counterterms G4, ...,G; The result is the fit
shown in Table I, column 3, which is certainly impressive
and gives confidence in the validity of the chiral ap-
proach. One might worry that the quality of the result is
simply a consequence of the many free parameters
G, ...,G7. However, we will show that this is not the
case and that parameter-free constraints and predictions
do exist.

One can go beyond this global fit to generate a set of
specific tests which are independent of the chiral counter-
terms. Specifically, the G,G, dependence can be ab-
sorbed by identifying new parameters

_ 2 2 — !
cry=ca— smgGy, ci=c3t Tm,%Gz. (14)

We can then isolate the dimension-four weak counter-
terms by defining

A'= Al — AL — AR ) = AT () as)
Note here that A4’ are completely determined since Aexpt

are given in terms of the experimental fit, AiZ) and

L(,f,,),(u) are known in terms of the K — 2 parameters ¢
and ¢}, respectively, while st 4i44) 4re determined in terms

of the known strong dimension-four parameters L(u),

1820

.,L1o(u) given by Gasser and Leutwyler [3]. The
chiral relations given in Egs. (12) are seen then to require
the following five relations [to O(m2/m#)]: Al=1,

{i=—%na (16a)

S=1nb: (16b)
Al=73,

[y =% nds (16¢)

&=~ inps, (16d)

Ei=— V3207, (16¢)

These conditions result simply from the validity of the
ChPT approach at the four-derivative level and the extent
to which they are satisfied provides a very nontrivial test
of chiral methods. The results of such a test are shown in
Table Il and are seen to be very successful for the two
Al =% relations Egs. (16a) and (16b). The data are not
good enough to say anything conclusive about the corre-
sponding Al=73 relations Egs. (16¢c)-(16e) although
there could be a possible problem with Eq. (16¢). The
significance of these results will be assessed in the con-
cluding section. However, before doing so it should be
noted that the physics behind these relations is easily dis-
cerned from the feature that A’ arises strictly from A{ffg
i.e., four-derivative terms. Since contributions to Eq. (6)

TABLE II. Predicted and measured values of quadratic
K -+ 37 parameters, all given in units of 10 ~*. The uncertain-
ties quoted in column two include experimental error bars as
well as uncertainties in the strong chiral coefficient and an esti-
mate of neglected O (m?/mg) terms.

Measured experimentally Predicted from Eq. (16)

4 —0.47£0.15 —0.47 *0.18
& —1.51%0.30 —1.58 *0.19
&3 —0.21 £0.08 —0.011 £ 0.006
&3 —=0.12£0.17 0.092 £0.030
3] —0.21 £0.51 —0.033£0.077
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must have the form

Fi(saysp,5) =kik-qcqa-qp+k5(k-qaqr qc+k-qpqa-q.) =mj

kK

TR 1= 272(r2+ + xH1

+.'-2m,?(k{—k5)[ﬂyc—%nz(ycz_;‘/\?z)], a7)

G3/2(sa,s6,5.) =k3(k-qaqp qc — k- qnqa-q.) = 1 miks(nX.+3n°X.Y.) ,

we see clearly then that there exists a required relation
between quadratic and constant, linear contributions aris-
ing from £,§f'g)-| [11]. There exist five such relations and
these are just those recorded in Eq. (16). Note also that
since such four-derivative terms vanish when any soft-
pion limit is taken, there exists no constraint on such
terms arising from the K — 2 sector.

In conclusion, we have pointed out the existence of ten
independent tests for the validity of the ChPT approach
to nonleptonic kaon decay— five at the two-derivative lev-
el and five more at the level of four derivatives. The
former are well satisfied up to the O(mg2/A}) corrections
expected from order-four contributions. The latter are
also well satisfied at the level of —20% for the two cases
involving Al = § amplitudes. Results are not as good for
the three AI=1% tests. However, this should not be a
surprise, as such terms are found from subtracting two
much larger numbers (the quadratic amplitudes found in
the K% and K, decay amplitudes, respectively) and are
particularly sensitive to small errors in either analysis. In
addition, electromagnetic effects have been omitted. In
the K— 2x case such effects should not be a problem
[12]. However, a previous estimate of electromagnetic
contributions in the K— 3 system has revealed possibly
significant corrections within the A/=3 sector [13].
Thus any discrepancy within the quadratic A/ =3 terms
should not be considered problematic at this time.

We emphasize in closing that a particularly important
piece of evidence in this regard should be soon forthcom-
ing in the form of a careful analysis of 2% 10K, — 37°
events found in Fermilab E731 [14]. In particular the
decay amplitude must have the form

AK,— 379 = =3(a;+a3) —3(5 —25) (Y 2+ + X2) ,
(18)

and the size of the quadratic term is predicted within the
chiral symmetry scheme,

-2
L1726 —0.006 + 0.002 . (19)
a)+as

Finally, it goes without saying that it would be of great
interest to acquire the same sort of high-quality, high-
statistics data in the remaining K*— 37 and X,
— n* 7~ x° systems in order to enable a precision test of

the ChPT within the A7 = 3 sector.
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