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Abstract

We have extracted the strong interaction form factors from K'  and
e 3

Ko  data of our previously reported K  experiment in a manner which does not
03

2
assume an explicit q  = (PK - P )2 dependence.  The unparameterized f (q2)

from these two decay modes agree within statistical error as demanded by w-e

universality.  We present the unparameterized form factors f (42) from the

K  + Trev and K  + 7rwv modes and f_(q2), fo(q2), and E(q2) dependences extracted

from the K  + All\' data. A comparison of these unparameterized results is made

with the results of the Dalitz plot analyses in which various functional forms

2
are assumed for the q  dependences of the form factors.
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'* The wev and Trtlv decay modes of the K  meson have been the object of a

2
continuing experimental ·effortl .to extract information on the q  = (PK - P,r) 2

dependences of the form factors governing these decays.  These form factors

are of interest because (a) a comparison of the leptonic decays of the charged

K mesons with the leptonic decays of the K  checks the AI =   rule, (b) a

comparison of the two modes offers a check of w-e universality and (c) they

contain information about the strong interactions  of  the  A  and  the K mesons.

In addition a determination of these form factors gives detailed information

on the pure vector nature of the strangeness changing weak interaction.  In

this letter we wish to address the first three points and to state that at the

present level of statistics the data are consistent with a pure vector weak

interaction.

Details of the apparatus, the determination of the momentum spectrum

of   the  K   beam  from Cu regeneration  and the method of separation  of  the  Ke3'

K  , and K modes have been described elsewhere ' .  A two-fold ambiguity2.3.4,5.6

11 3 31'r

in the K  laboratory beam momentum and center of mass kinetic energies of the

charged tracks occurs in these experiments because the energy of the K  was not

measured directly. In order to unfold the form factors without any prior assump-

2
tion of a given functional dependence of these form factors on q  it is necessary

to select a sample of events for which the two solutions are separated by less

than our center of mass energy resolution.  Thus we have analyzed only events

in  which  the two solutions are separated  by  less   than  20  MeV. We find 16,000

of 26,500 K  + Trpv decays and 10,000 of 17,000 K  + Trev decays satisfy this

criterion.  These final analyzed samples contain small residual contaminations

due to other decay modes .    We have corrected  the  K     mode · for  a  2%  K  +  iwve 3

background and the K  mode for a 2.5% KI +.""-"o contamination. All other
V3

i                                                                                                          6
contaminations are negligible .  The corrected samples have been analyzed by

both the unparameterized technique outlined below and a Dalitz plot analysis.

.*

51
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Unparameterized Technique

The V-A weak interaction matrix element for the leptonic decays can

be written in the form

M 0 Egyp(1 + Ys)uv[f+(q2)(PK + PA)0+f-(q2)(PK- PA)y]

if parity is conserved at the KTr vertex. The resulting density of events on

the Dalitz plot can be written in the form

p(T ,Tg)= f (q2)12A(T ,Tg)+f_(42)f+(q2)8(T ,Tg)+|f_(q2)12C(T ,T£)  (1)

or      p(T ,T£)= f (q2)12[A(T ,Ti)+4(q2)8(T ,Tg)+42(q2)((T ,T£)]          (2)

where A, B, and C are known functions of the center of mass kinetic energy of

the lepton and the pion and E(q2) = f-(q2)/f+(q2).  Assuming invariance under

time reversal, f  and f_ are real functions of q2.  Therefore, the density of

events in bands of constant pion energy (constant q2) depends at most on two

real numbers f_(q2) and f (q2) which we can extract directly from the Tz dis-

tribution. Since  both  B (Tlr'T£)   and  C(Tll''T£)  are of order  (m£/m )2  we  can
neglect the last two terms of the density expressions (1) and (2) for the K

e 3

mode leaving only the form factor f (q2) to be determined by the normalization

of each T  band, while the shape is predicted by the vector theory independent
Tr

of the behavior of the strong interaction form factors. In the case of the

K   +  Trvv  mode all terms  in the density expression  must  be  kept. The shape  of

the spectrum determines   E (q2)   for  each  T  band while the relative normaliza-

tion of each band once again determines  f (q2) . Using this techni4ue we have
4

extracted the K and K form factors in a way independent of any assumed
e3      93

2
q  dependence.

A)  f (q2) Form Factor

The·observed variation of f  with q2 for both the K   and K   modes
e 3     J13

are displayed in figure 1 and tabulated in Table I.  The arbitrary relative
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normalization of the two sets of data has been used to maximize the agreement

between the sets.  We find a X2 of 1.9 for 7 degrees of freedom that these two

data are samples of the same physical distribution in. agreement with 0-e uni-

versality. Assuming a linear parameterization of the combined data for .the

f  form factor of the form+

f (q2)  =  f+(0)(1 + A+q2/m2) (3)

and the relative normalization for best agreement of the data sets, the normal-

ization for all form factors is determined by the condition f (0) = 1 for the

fit of the combined data set.7  This fit yields

A  = .06 + .01+

The contribution to the error in X from the K data includes both systematic
e 3

4
effects due to backgrounds and resolutions. The same systematic effects were

studied for K decays and were found to be much smaller than the statistical
U 3

errors which have been assigned to the final K data points arrived at via
11 3

this technique.

B)     E (q2)   and  f_ (q2) Form Factors

By fitting the density function (2) to the distribution of events in

2
each T bin in the K data we are able to extract E (q ) and to therefore un-

Tr            P3

fold f_ (q2) via the relation f_(q2) = E(q2).f+(q2).  The E(q2) form factor is

displayed in figure 2a, the f_(q2) form factor in figure 2b and both are

tabulated in Table I.  For purposes of comparison we have included the results

2                           8-9for  E (q ) of two other experiments in figure 2a.

We note that 6(q2) is best determined. in the region q2 > 2m2, that K
11'                  P 3

polarization and Dalitz plot data are in good agreement in this region and that

2
they indicate an approximately constant value of E (q ) 4 -1. (A fit to the

data assuming E independent of 42 yields E = -0.94 t0.18, X2 = 9.6 for 7

1/
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degrees of freedom.  The lowest q2 point contributes 6.6 to the X2 and is the

only one in disagreement with the hypothesis of a constant E

Fitting the E(q2) dependence to a linear parameterization of the form

2   2
E (q2) = E (0) + Aq /mw

we obtain

4(0) = .50 t .61

A    =-.37 f .15

x2   = 3.4  (6 degrees of freedom)

2
If we fit the E(q ) data to a set of linear parameterizations of the form

2*       2    2*   2
<(q2) = E(q  ) + A(q  - q  )/m/

2*
varying the q in order to find the point at which E is best determined we find

4(41112)   =  - .9 6   i   .1 8

A      = -.37 + .14

x2     = 3.4    (6 degrees of freedom)

If a linear parameterizarion of the form

f_ (q2)  =  f-(0)  +  A-q2/m2

is assumed for the f_ form factor of figure 2b, we obtain a best fit to the data

f_ (0)    =     .9 6    +     .6 9

A_    =-.57 i .18

x2    = 3.0    (6 degrees of freedom)

C)  f (q2) Form Factor

It has been pointed outl that the linear combination· of the f (q2) and

f_(q2) form factors
2     2q  f- (q  )

fo(q2) = f+(42) +   2    2                                          (4)

mK - m*

j
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is the amplitude for production of the wv system in a S=0(J=0 exchange)

angular momentum state while f (q2) itself is the amplitude for S = 1, wv

state (J = 1 exchange).  In figure 3 we display the f (q2) variation which

we construct from the extracted values of f (q2) and f_(q2)..7  This amplitude

2
seems to decrease with increasing q .

In choosing a parameterization for f (q2) we are guided by definition

(4) of the scalar form factor.  On examination of this we see that any param-

eterization of f  (q2) should be quadratic if f_ (q2) .depends linearly on ·42.

Assume a parameterization of ·the form
2 2 4  4fo(q2) = fo(0) + loq /m# + Ao q /mA

we find a best fit with

fo(0)   1.20 + .35

A     = -.080 i .2720

Aj    = -.006 + .045

x  1.01 (5 degrees of freedom)

Dalitz Plot Analysis

4-5
In previous analyses of the K   and K data    the density of events

e3     U 3

on the Dalitz plots for the two modes have been fitted to expression (1) under

2
the assumption of a linear q  variation of the various form factors of the type

4(q2)   =   f+(0)(1  +  A q2/102)

f_(q2) = f_(0)(1 + 1_q2/m2)                                                     (5)

The alternate density function (2) has also been used to describe -the Dalitz

plot density with the assumption of a linear variation of the ratio of the

f_ (q2)  and  f (q2) form factors  o f  the  type

4(q2) = 6(0) + A q2/m2                                        (6)

As in the case of the extracted form factor the K density functions
e 3

(1)  and (2) reduce  to  the    f (q2)12A(TTr'T£) and therefore · only  the  f (q2)

14
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form factor influences the density.  The value of A  obtained from the fit of
4

this function to the data Dalitz plot yields as previously reported

A  = .05 + .01+

in good agreement with the linear fit to the extracted points.

The K data is more complicated because of the presence of an addi-
y3

tional form factor and the possibility of different parameterizations.  Using

the  parameterization  of  f_ (q2) given  by   (5) (and variations  of it which allow

f_ (0)  =  0) in density function  (1) we obtain the values  from a three dimen-

10
sional chi-square search

X  = .06 + .02+

A  = -.15 f .03

£(0) = -2.3 i .8

X2/DF  =  1.66

If, on the other.hand, we assume that the ratio of the f_(q2) to f (q2) has a

linear variation of the form (6) and use expression (2) to describe the density

variation on the Dalitz plot we find

A  = .06 + .02+

A  = .30 + .20 which corresponds to

&(0) = -1.8 + .8 the minimum detected when

x2/DF = 1.73 using density function 1

and now a second and deeper minimum at

1  = .08 + .02+

A  = -.28 i .10 which agrees with the

4(0) = .04 f .60        
            2q  variation seen in

2

x2/DF  = 1.57 the extracted form factor 4(q )

We point out that parameterizations 1 and 2 are quite different even to the

highest order.of q2 variation they introduce. into the matrix element.  Since

il1
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2
different assumptions about the q  variation of the form factors or combination

of form factors lead to very different X2 contour shapes, the technique of

analysis of the Dalitz plot event density depends on the choice of parameteriza-

tion in a potentially misleading manner.  However we present in Table II the

various results of our Dalitz plot fits including the contour derivatives and

uncorrelated parameter points which the X2 collaboration have introduced.

Conclusions

The extracted form factor f for K and K as shown in figure 1 is
t     e 3      W3

consistent with w-e universality.   The value of X  which we obtain from a joint

fit to the K and K data is
e3      U3

A  = .06 i .01+

Since the AI =   rule requires that the q2 variation of the form factors for

+     o f         +     0+                            2                   o     t+K- + Tr e v and K- + Tr 11-v be the same as the q variation of K  + w e-v and
0     + +

XI' + Tr-11-v we compare this value of f (q2) slope with the variations obtained

in charged K experiments listed  in Table III.  Only experiments with greater

than 1000 events and published prior to June 1971 have been included.  We note

2
that there is a tendency  for experiments sensitive to higher values of q  to

yield somewhat larger values of X  in agreement with the possibility of a
4

positive quadratic term. We conclude that these data are consistent with

1
AI = -0

2

There are many theoretical approaches to the problem of describing

2the q  variation of the strong interaction scalar and vector amplitudes.  We

shall not refer to all possible approaches but mention only a few of the pre-

dictions discussed more fully in reference 1.

f (q2) Behavior

Dispersion relations or Lagrangian techniques which assume dominance

*

of this form factor by a simple K (890) pole predict a vector form factor of

112
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' .

the kind

M *(890)4(q2)    =    4(0)
MK*(890)-q2

This leads to X  4 .023. While a positive slope is demanded by the data, a

slope which is larger than the pole dominance picture is needed.  Current

16algebra calculations   in the limit of
SU3

symmetry yield f+(q2) = F,r(q2)

where Flr(q2) is the electric form factor of the pion.  If SU3 is broken and

first order corrections are added then the expected slope of the vector form

factor is increased to .05.

f (q2) Behavior

The theoretical treatment of the scalar form factor can be approached

+
in the same way by assuming dominance of this amplitude by a O,S=1 pole,

the Kappa meson, provided pole dominance of the f (q2) is not simultaneously

assumed. This, however, leads to 1  4 + .016 (if M  4 1100 MeV) whereas the
0

data calls for a negative slope in the physical region.  On the other hand SU3

charge algebra calculatlons lead to a sum rule which under approximate SU3 sym-

metry leads to a prediction

i fo(q2)0[1 -
q4 9 9 0  0 < q2 < (m  - m )2

(4 - m:).

This relationship gives A  4 -.02 and therefore 4 4 -1.0 if X  4 .06. Calcu-

lations of the symmetry breaking effects tend to lead to A  and E which are0

more positive and are further from the experimental data.  In addition, many

tbeoretical approaches such as chiral SU3 X SU3 charge algebra approach. wlth

PCAC lead to the Callen-Treiman relation

f (m ) + f_(m ) = fK/fir 4 1.28

1 l:
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where f is the K decay constant and f  is the A decay constant.  FromK                   22                                            A                   £3

the definition of f (q2) we see that

f (m ) + f_(m ) 4 fo (4) a 1.28
and

fo(0) = f (O)

If f (0) = 1 and we assume a linear behavior of f (42) between 0 and m  we

again obtain a positive slope A  4 .022 for the scalar form factor.

In summary, the data requires a f (42) form factor which varies too

strongly for a simple pole picture to be valid.  In addition, the scalar form

factor seems to be even further from the pole dominance picture since our data

indicates that f  has a negative slope in the physical region.  Apparently, a0

non-linear behavior is needed in this form factor if the Callen-Treiman rela-

tion is to be valid and f  (m ) = 1.28.

We would like to thank the operations and support groups at SLAC

for tlieir efforts and Professor Leon Madansky for innumerable helpful con-

versations.
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Captions

Table I

The superscripts on the x2/DF indicate the number of degrees

of the fit in the given q2 band.  The overall x2/DF is 1.82

for 72 degrees of freedom.

Table II

We have used the notation t = q2/m2 in presenting the

parameterizations of the weak interaction matrix element.

Table III

Only results from charged K decay experiments in which the

number of events 2 1000 and which have been published prior

to June 1971 have been included in this table.



\.
. -15-..

·      Table I

Extracted Form Factors

.-

2, 2q /m=       f           fP            L             E          f         x2/DF0

11
1.47 1.08f.01 1.OOk.03 .60t.60 .60+.60 1.07+.09 1.2

I .

2.23 1.12*.01 1.12+.05 -1.12+.90 -1.0Ot.85 .90f.18 3.011

2.74 1.14t.02 1.11+.05 - .22+.89 - .2Ok.80 1.O6t.22 ·710

3.25 1.16t.02 1.18+.05 -1.18t.59 -1.Oof.50 .85t.17 1.310

3.76 1.20+.02 1.24+.06 -1.48t.50 -1.20t.40 .76+.17       .79

4.27 1.18+.02 1.23+.09 - .98+.62 - .80f.50 .87+.24 3.48

4.78 1.3Ot.03 1.30+.10 -1.56t.53 -1.20+.45 .66£.24 1.57

5.55 1.33+.16 1.48t.22 -2.07&.67 -1.404.40 .50+.42 3.36

8

1
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Table II

Type of Analysis Results

Extraction
Parameterization                                                                    i

f (t)=f (0)(1 + A t) A =.06£.01; (f (0)= 1; (0+e data) x2/6F-1.64

, fo(t)=fo(0)+A t+Xot2 f (0)=1.20&.35; 1 =-.080£.272; A =-.006t.045; X2/DF- .200

f-(t)=f_(0)+1_t f_(0)= .96t.65; 1-=-.57 t.18; x2/DF= .50

Ect) = 4(0)+At <(O) = .50+.61; A =-.37 +.15; K2/DF= .57

Dalitz Plot                                        «'                   '
Parameterization I

P |f (0) 20+A+t) 2A +        1 =.06t.02
· >> 1000.dr(0)

dA+

<2 (0)(1+X_t) 2C+4(0) A =-.15f.03

(1+4t)(1+A_t)B} E(0)=-2.3.+.8         dE(0) =. 10. K2/DF-1.66 1dX
-

1(0)=f_(0)/f (0)

Minimum I

A = .06 + .02+

A = .30 + .10

<(0) = -1.80 + .80

<(7.33) =  _.40 f .10

Dalitz Plot                  dE

Parameterization II             dl 
-  = 13.0

p#Ifi.(0)(1+1 t) 12 {A+                            dE-  = 7.33 X2/DF=1.73dA

(<(O)+Kt)2C+(<(0)+At)B} Minimum II

A = .08 k .02+

A = -.28 + .10

<(0) = -0.04 + .60

<(6.67) = -1.96 + .10

dE(0)

dA+
-   =+35.0

dE(0)
dA

=  6.67 X /DF= 1 57
1
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Table III

Decay                 X                Reference

-+K + 7Tev +.060 + .019              8

7rwv

-+K + Apv +.043 + .017               11

+K + Ttev +.045 f .015             12

-+
K + neV +.080 i .040             13

-+
K + Trev +.045 + .017             14

- .018

-+K + 1Tev +.016 + .016             15
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Figures

Figure 1: The vector form factor f (q2) extracted from both

0 0
the  K    +  Awv  and  K   + wev data. Superimposed  on

the data points is the best linear fit to the com-

posite data.  We find X  = .06 f .01.

Figure 2: (a) The form factor ratio E(q2) = f-(q2)/f+(q2).  In-

cluded with the data of this experiment is the data

of the X2 collaboration and of Cutts et al.  The

sloping straight line and the horizontal straight

line are respectively the best fit of E(q2) =

6(0) + Aq2 to the data of this experiment and the

best fit to the data under the assumption of a con-

stant E.

(b)   The form factor  f_ (q2) unfolded  from the relation-

ship &(q2) = f-(q2)/f+(q2)

Figure 3: The scalar form factor f (q2) extracted from the

Ko+ 1nlv data. The solid line represents the best

fit of the data to the quadratic form f (q2) =

fo(0) + x042/m2  + AQq2'/m2'.
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