VOLUME 34, NUMBER 9 PHYSICAL

REVIEW LETTERS

3 MARcH 1975

guarantee I1,.1~Iny,l, hence dynamical suppression of
the 1AT =% component must be invoked. It is not ruled
out that the source of CP nonconservation in K;’—2r is
indeed dominantly superweak with .. = |74l and that
the electromagnetic af effects represent an additional
source of CP nonconservation which contribute <10% of
Inl for f 5516'

18M. Gell-Mann, in Fundamental Intevactions at High
Enevgy I, edited by T. Gudehus, G. Kaiser, and A. Perl-
mutter (Gordon and Breach, New York, 1969), p. 380;
S. Pakvasa and S. F. Tuan, Nucl. Phys. B36, 173(1972).

11 this connection the possiblity of pairwise strong-
interactions was also raised by G. Rajasekaran, private
communication.
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A current-algebra result is derived for the slope of the scalar form factor in K;3 decay
which is valid at all momentum transfers. This theorem is compared with the previous
results of Dashen and Weinstein and Dashen, Li, Pagels, and Weinstein. Our analysis
indicates that there are large corrections to these previous results at t =m Kz +mgl.

The semileptonic decays of the K meson have
provided an important testing ground for basic
theoretical ideas regarding the symmetry prop-
erties and the dynamics of the strong interaction.
In particular, considerable effort has been de-
voted to understanding the momentum -transfer
dependence of the form factors in K;; decays. A
theorem regarding the slope of the scalar form
factor in such decays was obtained some time
ago by Dashen and Weinstein' and was later mod-
ified by Dashen, Li, Pagels, and Weinstein®
(DLPW). In its amended form the theorem de-
termined the slope at the unphysical point ¢ = ;2
+m,? to be 3(Fy/F, —F,/Fg) +0(€), where the pa-
rameter € sets the scale of chiral symmetry
breaking. The leading term, 3(F,/F, -F,/Fy), ‘

is of order €lne. In this paper we generalize the
DLPW analysis to yield a theorem valid for all £.
We then make a simple estimate which indicates
that the corrections to the DLPW result are of
order 50% at # =my®+m,?. Finally, we give an
exact evaluation of the theorem based on a pre-
vious analysis® we have made of three-point func -
tions within the framework of the (3, 3*) model
of chiral symmetry breaking. We again find cor-
rections on the order of 50% at { =m > +m,°. The
reason the corrections are so large is that they
are of order 2m,°/m,” relative to the leading
term.* The exact predictions of the theorem are
in good agreement with the experimental data.®
First we derive the generalized theorem. We
define the standard K,, form factors f,(f) by

(M @IV, O M (R)) =i fae [ f () +a) ¥ +f (1) (R - )*], (1)

where f =(k -¢)®. Our interest is in the function D, (#) defined by

Dabc(t)Eifabcﬁabc(t) Ei(Ma(q)l apVbu(o)' Mc(k» :ifabc ((mc2 - maz)f-p.(t) + tf—(t)]o (2)

We begin by studying the function

S(?, k2, t7)= [dxd*ye'®e”#(0| T[8,A4," (x)3,V,°(0)8, 4,” ()] 0), 3)

which we consider as a function of the variables ¢% %2 and t'=(k —q)?- o(k®2+¢?. o0 is an arbitrary con-

stant.

For 0=1 we reproduce the DLPW analysis. It is useful to isolate the meson poles appearing in

Eq. (3) since this will enable us to identify the on-shell amplitude D,,. Thus, following DLPW, we in-
troduce currents A" in which the meson poles have been removed,

8,AH(p) = 8,AHp) = (p>=m? ' lim (p*—m?)8,A*(p). (4)

2 m
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We can then rewrite Eq. (3) as

. 2 . zF .
S, 2, t) = (q(ZTZnIZZ“))(ZZn-C mf;l)pa,,c(t,) +§§ﬁ%<ma | T{2V, (0)24 (%)]/0)

5 2
s 0TI, (@2V, 0110, + O17(04 () 8V, (01048 0. (5)
We can also apply standard current-algebra techniques to Eq. (3) [i.e., the left-hand side of Eq. (5)]
and pull the derivatives through the time-ordering instruction. The lengthy sum of terms that results
is given by DLPW.? We multiply these terms and Eq. (5) by (¢ - m ) (k* = m2)/m m°F F, differen-
tiate both sides with respect to ¢/ with 2% and ¢® held fixed, and evaluate the derivatives at ¢'=0, Fur-
ther, we set k%=¢q%=0 wherever they appear off shell. We then obtain the generalized DLPW theorem:

o F, . d
d_‘i_lDabc(t’) l th=0 = ( zfabc)§<%— FZ) +(FaFc) IEP {<0 IT[BVb(O)Eac(q - k)]l0>
+8(0,0,#) - lim lim (m2m2 g% - mAk2=mAS(q? k% t)} =0, (6)

2->mg2 k2_>mcz

where we have defined
SL(g-k) =) dxdiye®e ® b(x,—y) HIA L), 2,4,20)]+[A4 ), 3,4 . )]}, : (M

In deriving Eq. (6), we have reintroduced 8,A" instead of Bpli“ and employed Eq. (3). For the on-shell
amplitude D,,,, t'=t—o(m2+my2). Thus (d/dt")D,(t')|;:=, is the same as (d/dt)D 4o (D] 4= olmg2+mg2 ) -
For 0=1, Eq. (6) reduces to the DLPW theorem.? But since 0 is arbitrary, we now have a theorem for
the slope of D, (#) valid for all £,

The leading term in Eq. (6), 3(F./F,- F,/F.), is of order €lne, while the other terms are of order
€ or higher. DLPW? estimated these corrections on the basis of threshold dominance to be of order
10%. On the other hand, a simple estimate can also be obtained using current algebra and the (_3_, g*)
model of chiral symmetry breaking.® Following the usual hard-meson treatment of vertex functions )T
we parametrize S(¢? k% t) as

9

(o + B2 +yq? + Bt)
c@=mADE—mAt-mD"

S(qzy kzv t) =1 ubcmazFamszbmczF (8)

Assuming partial conservation of axiai-vector current and vector current and using the (3, 3*) commu-

tation relations,!® we find for the 7K vertex that the constants a, B, y, and 0 are given by
o :[sz(Zﬂ/ZK)llz - mﬂz(ZK/Zﬂ)llz]/Fm B +6= [(ZK/ZK)UZ - (ZK/ZK)'\/z]/F'm
Bry=lZ/2)2=(2,/2)"*V/F,  v+6=1(2:/29"*~(2,/20)"*)/Fy.

Using the parametrization of Eq. (8) for S and evaluating the X term, we can express Eq. (6) in the

form
d 1/Fy Fy FNZ, (mP2Fy m*F,

d_tDN(t”Fo(mﬁmm=§<F_n"FK>+2szan‘,<< Z, " VZ, >

(9)

(10)

(a+BmB+ym2+om,>) (a+ GmK2)>

ZF -
T K< [mkz'c(mK2+mﬂz)]2 mK4

To obtain a rough estimate of the correction |

terms in Eq. (10), we make the approximation From the Glashow-Weinberg” sum rules F,VZ

VZ . =VZ  =VZ,. This gives B=y=6=0, Using =FVZ y+F VZ  and m °F,/VZ ;=m >F ,/VZ 4

the expression for « in Eq. (9) and neglecting +m 2F /VZ ., we find in the present approxima-
m .2 relative to m % we can write the correction tion Fp/F,=m,2/(m2=m, ) and F,/F, =-m,2/
terms as (m, 2=mg®. For m,/myin the range 2 to 3 (i.e.,

F4/F, between 1.33 and 1.12), the ratio of Eq.
(11) (11) to 3(Fx/F,—F,/F) varies from 0.67 to 0,25
at t=m,? +m 2 but only from 0.14 to 0.06 at =0,
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It is apparent that the corrections to the DLPW
result at t=m 2 +m,? are small only when m 2

> m,®% in which case a threshold-dominance ap-
proximation to the background dispersion integral
would give an accurate estimate,?

The rough estimates made above can be checked
by giving a complete evaluation of Eq. (10). This
requires detailed knowledge of the parameters in
Eq. (9). By combining the Wilson short-distance
expansion with low-energy theorems, we have de-
rived previously a set of sum rules® which deter-
mine these parameters in terms of the value of
Fy/F,f4(0). Inparticular, we found

F./F,=1.26, F.,/F,=-023
(Z,/Z)V2=0.94, (Z,/Z,)V2=0.76.

Using these values to compute @, 8, v, and 9,
we find from Eq. (10) that the slope at t=m 4>
+m 2 is

(d/dt)ﬁ mq(( t) I t=my2 +m g2

In contrast, the term 3(F /F - F,/F,) contrib-
utes only 0.23. Hence, as in our simple estimate
above, the corrections to the DLPW estimate are
of order 50% at t=m *+m,® At t=0, Eq. (10)
yields

(d/d)D 1 (D) | ;== 0.19,

so that at this point the correction terms are only
of order 20% and are of opposite sign, again in
agreement with our rough estimate.

Our results thus indicate that the slope of the
scalar form factor varies considerably (~80%)
between ¢=0 and the unphysical point ¢=m %+ m 2.
In terms of the usual slope parameter ), defined
by xo=[{m2/(m 2= m Hd/dDD (D), we find Xo
=0,016 at t=0 and 2,=0.029 at t=m*+m,% At
the limit of the physical region, #=(my-m,)?
we find A,=0.021, Tt is thus apparent that in prin-
ciple the scalar form factor should not be param-
etrized by simply a linear function of £, A linear
fit will yield only an average for the slope over
the physical region. From such a fit Donaldson
et al.® find 1,=0.019+0.004. This value for the
average slope is in excellent agreement with our
predictions.

The large corrections that we have found to the
DLPW value for the slope at t=m *+m 2 imply
that arguments based on the DLPW theorem may

=0,35,

be suspect., Thus Baluni and Broadhurst!® have
obtained bounds on the slope of the scalar form
factor which are badly violated by the DLPW re-
sult. From this violation Broadhurst!* concludes
that the dimension A of the chiral-symmetry-
breaking Hamiltonian density must be greater
than or equal to 3. But our value of A,=0.029 at
t=m ®+m,? is consistent with the bounds, and so
the conclusion that A =3 appears to be vitiated.
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