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ABSTRACT. There is at present only partviel and incomplete information on the na-
ture of strangeness violating weak interactions. From the theoretical point of view
the confirmation of universal vector-axial vector interaction is of the foremost
importance. The best source of the required information is to be found in the araly
sis of the spectra of the decay products of KPB and KeB' 4 theoretical disecussion
of these spectra is carried out im this paper. It is shown that there exists an ap

gular correlation 3 dI between the direction of the neutrino momentum in thecen

ter of mass system ogozgz lepton pair and the direction of the pion. This angular
correlation is quadratie in cos o independently of the structure of the form fac-
tors and provides the best means of identification of the type of coupling. Addi-
tional information concerning particularly to the form factor structure can be
learned from the pion spectrum. A quantitative test,independent of the form fac-
tors, of the universality of the muon and electron interaction is suggested. Some
quantitative properties of the electron spectrum in K63~decay, independing of the
form factor structure, have been established. They are characteristic of the type
of coupling. It is shown how one can obtain the form factor from the knowledge of

the electron spectrum if there is only one type of interaction.
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INTRODUCTION.

The attractlve hypothesis that all leptonic decays proceed
via an interaction with a leptonic vector current 1s based on the
decay of strong interacting particles without strangeness, PB-
-decay, pion decay) and the muon decay. On the other hand in the
decay of strange particles this hypothesis has not been verified.
The information from KFZ-decay together with the relative absence
of the Kez mode 1s that there must exist a strangeness vioclating
(axial~-vector) with the leptonic current and no pseudo=-scalar
coupling. But scélar, vector and tensor couplings do not con-
tribute to these decay modes. Hence, either the existence of
vector coupling or the inexistence of scalar and tensor has ndt
been experimentally established for strangeness violating inter-
actions. Sincej;actually,ail theories of weak j.x:d:era.c:tions1'4
assume the hypothesis of a universal vector-axial veector inter-
action it is a question of fundamental importance to verify  the
validity of this hypothesis for strangeness violating processes.
This kind of information has to be obtained from three body
leptonic decay of strange particlesof which Kﬁ3 and KéB decays
provide the best examples. Contrariwise to Kﬂa and Kea’ these
decay modes proceed only via S, V or T coupling. The_importance
of the Kf3 and Ke3 decays arises from the fact that they can give
direct information on the non-leptonie currents themselves. In
ad@ition to the type of coupling, one obtains information on the
isospin character of the currents and on the validity of the

selection rule AS = A Q. With respect to the strangeness vio-

lating currents they play‘the same role that {-decay represented
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for the knowledge of the strangeness conserving currents. Like in
f=decay the experiments required to investigate the type of cou-~

pling can be classified in three groups:

1) Determination of the muons electrons, neutrino or pion6
energy spectrum. This type of experiment does not require a
complete knowledge of the kinematics of the events. Some data on
the muon and positron spectrum in x* decay has already been
obtained’ 19, The determination of these spectra is,no doubt,the
simplest experiment with charged K-mesons. For Kpumesons, on the
other hand, the neutrino spectrum can be obtained from decay in
flight,as pointed out by Furuichill. If the production of the K°
is observed,one could determine the plon spectrum,which is of
primary interest.

2) Angular correlation measurements: pion-leptonl2

and
lepton-lepton angular correlation. They require a complete  de-
termination of the kinematics of the events. This is now,a feasi
ble bubble chamber experiment with K°-mesons. The most complete
information will of course be obtained when sufficient statistics
of such events 1is accumulated,that a two dimensional analysis of

a Dalitz plot becomes possible.

3) Polarization measurements. The simplest experiment of
this kind is the measurement of the longitudinal polarization of

J-mesons in K;313'16 decay with the observation of the muon decay.

In the first two kinds of experiments the identification of
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the type of coupling is neater with Ke3 rather than with KP3' How
ever K?s-decay will be useful in the investigation of form factors.
The polarization measurements would give clear indication of the
type of coupling as well as information on the form factors, and

time reversal invariancel7-18.

In this paper we shall discuss some theoretical questions re
lated to the identification of the type of coupling by means of

the first two kinds of experiments.

In section II the transition rate is written 1in terms of the
total energy of the lepton pair in its center of mass system and
the angle o« between the center of mass momentum of the neutrino
and the direction of the pion. It is shown that (dT/d cos «) is
in general a quadratic form in cosoy which in KéB—decay becomes

< « and sinacz respective-

a constant for pure scalar coupling, cos
ly for tensor and vector. Together with this angular distri-
bution, the pion spectrum is the best thing to look at, for the
identification of the type of coupling. But the first is prati-
cally independent of the structure of the form factors, whereas
the second one can give gll the information about them. A testof
the identity of the muon and electron interéctions 1s proposed,

independing of the stfucture of the form factors. A test of time
reversal invariance is also discussed. In all this section it is

assumed that the kinematics of the events 1s completely deter-

mined.

Section III is devoted to the energy spectrum of electrons.
The theoretlcal analysis becomes much simplified for the electron

spectrum when the electron mass is neglected. It is then possible
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to establish some quantitative and qualitative properties of the
spectrum,which are independent of the structure of the form fac-
tors, but characterize the type of coupling. The cholce of a
proper variable is,for this purpose,quite a relevant question.
Thus, for an unambiguous test of vector coupling,the distribution
of events should be plotted agéinst the variable n= E(l-E/mK),

and the function (dT/dw) against the variable w=2E(We-E)/(mK-2E).
The maximum of (dT/dyp) occurs at a definite value of n(1la MeV)
independently of the form factor structure. For (V,S.) and (V,T.)
combinations the absolute maximum of (dT/dq) cannot occur  below

7 = 114 MeV.

Finally we consider the problem of determining the form
factors from the electron energy spectrum. The solution is glven

for the cases of a pure scalar or vector interaction.

TRANSITION RATE AND KINEMATICS.

We consider the decay processes:

K —> 7 + KN+ ¥

M3

+ e + ¥
Ke3 —_— T e

assuming that the lepton pair is locally produced, which, in terms
of Feynman dlagrams; means that they are produced at the same
vertex, via an interaction with scalar, vector or tensor coupling.
et EW, E; B, be the energies of the final particles for decay

at rest, satisfying the condition E.+E+E, =me. The maximum
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energy of the pion and the lepton (%) are respectively:

— 2 2 2
W= (mK +m- - mQ)/Z my (1)
W = (m% - mi + mi)/z My

We shall introduce new variables, the total energy W of the lepton
palr in its centre of mass system and the angle o«  between the
direction of the center of mass momentum of the neutrino and the

direction of the pion. These variables are related to En_, E,E, by:

Wl = (pg = pﬂ,)2 = m§+m§ -2my E_ (2}
cos & = [(E-E,,) we -m% (mK-ETT)]/(Wa-m%) P (3)

We also have:
P 2
ZmK(wv'Eqr) = WS ~my o
4
2 2 22 2 27%
j = {(w —mK-mﬂ_) —4mn_ mK] /.amK

For the electron, by neglecting the electron mass, (3) reduces to:

cos a = (E-E,)/p_ (5)

The matrix element for the decay has the form

1
- 4 4 ~ = J
M= (2r)* 8*(pg-p, - p~D,) mKZuyoj u, A (6)
where the Oj's are Dirac matrices corresponding to the type of

coupling and the Ad's are the following covariant functions.

a) Scalar (0, =1I) ; Al = g

J
b) Vector (O:I = V) 3 ad = I-RLK (gV pgj-’- &y pg) (7)

- H j = -l- oL
¢) Tensor (GJ 10&’3)3 A mKZ gp Py P.n.p
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The g's are dimensionless form factors which depend on the pion enep
gy alone, as a result of the assumption of local produetion of the
lepton pair. The elementary transition rate for Processes with a

given final configuration can be written in the form:

1 2 P Wa-mz 2
ar = 5 P ,cosm)f *-——tz d W* 4 cos o (8)
(4mr mK) K W

The most general expression for P has been given in a previous
papers, together with a discussion of the Dalitz plot 1in the varig

bles E", and E. In terms of WZ and cos «« one obtains:

2_ 2
P =Wv;-2mn {WZ [( f)+(gT JTfl EE coscu]z

4
(9)

: (2
+ p12r sinzoz Ifl— -#{“ g'l'.l }

where fo and fl are the scalar and vector form factors for vector

coupling:19

%o

]

T (gy-gy) + % (gv+gv.) —K—- (10)
£q = gy *8y: - (11)
The angular correlation in o has a simple explanations: in its
center of mass system the lepton pair 1s produced in the singlet
state for scalar coupling g and fo’ and in a triplet state if the
coupling is vector f; and tensor gp. In K, o3 the component of 'the
total spin along the neutrino momentum is 1 and O respectively for
vector and tensor coupling.
In the fortheoming discussion we shall examine the implications
of two general hypothesis:

1) Invariance under time reversal. As a consequence of this as-
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sumption the form factors can be taken to be real.

2) Universality of the weak interaction, in the sense that  the

couplings with muons and electrons,; hence the form factors, are

identical.
In the approximation where the electron mass is neglected
the transition rate is independent of the form factor fo. The

other ones g » fy,8p can be determined from the Ke3 distribution
if assumption 1) is valid.

Similarly, from the K)13 distribution one can determine g, +
m
+ Ei fo» gp and £1. If assumption 2) holds, then one can deter-
K .
mine fo and the overdetermination of fl and gp provides a  test

of both assumptions. Let us write:

5 = — [ao(w ) +~/Eal(w ) cos w+ ay(WT)cos ZQA
d WS d cosa (41 mg)
(12)
where 2
2y P (L TER) 2142 | IZ 2
a, (we) Ty (L ;) W ‘gs + oy fo= +_% P
x |*= jgm = + |f. -=—=¢g | 13
mKZ T WZ 1 1 my T
D We-nmt 2'¢§?1) m m, m *
al(wa) = EE (_____2__2_)\ L W” Re (g + =2 fo) &p = --LZ_IS fl>
K\ W amy s By W
(14)
P
aa(wz) — —E
Dy m
="K

2
2 .2 - 2
Wo-me) 1 p2 W= I. e M O I If I
02 g o Z |&T e 1- gT
1
8

H]
??L;j

4 ggl? - |fl|2]_ (15)
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The coefficlent a, is positive definite, larger than (or equal to)
thg magnitudes of ay and ass and for all WZ the condition a, +
+a, 22 lall must hold. The last expression for aa(wa) shows
that, if the weak couplings with muons and electrons are identi-

cal,y one obtains (for m% < W £ (mK-mW)Z)

(W2 -5 a, o W) = Weam2)y3 o, (W?) (16)

independently of the validity of 1). If the above identiﬁy is
verified, the KPB and Ke3 distributions taken together will pro-
vide five independent equations to determine the form factors. Now,
if time reversal invariance holds,there will be four real quanti-
ties to be determined. The compatibility of the system of -
quations give a check on the validity of assumption 1). It is

clear that thils test is much weaker than the test on assumption 2).

The transition rate,(12) integrated over the pion  energy,

gives the plon-neutrino angular correlation:

dT 1
—— = e (A, * /E‘Al cos o + A, cos 2 )
d cos a (47 my) (17)
or :
aT Ao
—— = 3(1+,/Z‘ }\lcosm+2tacosacr.)
d cos o (47 mg) (18)
where
2
An:: » an(W)dW (19)
S mg
The coefficients An satlsfy the same innequalities as the an's.
Hence:

A b1y 12501, 1+ 2,3 V2|4 (20)
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This angular correlation will be extremely helpful in identifying
the type of coupling. In particuiar in KeB—decay it gives, in
most cases, clear-cut discrimination of the nature of the inter-
action, independently of the structure of the form factors. A
summary of the values of Al and ‘AZ for the possible combinations
of 8,V, and T coupling is given in Table 1. The mass of the

electron is being neglected.

TABLE 1

v (V,8) | (Vv,7) | (8,T)
11 0 0 #0
}\2 -1 <0 20 | >0

There will be ambiguity only between the groups (V,S) and (V,T) if
Al =0 and AZ < 0, and in distringuishing (S8,T) from (S,T,v) if
Al.# 0 and Ay > 0. The best way to differentiate between the two

‘alternatives in both cases;is to look at the pion spectrum in Ke3'

p2 ifll )(21)

Thus the absence of events at the far end of the pion spectrum

-decay. We have:

2
4dT 1 p 2 p
i By (wzlgsl - lgﬂ
; BmK

(W& = 0) rules out vgetor coupling. On the other hand, the inex
istence of low eneréy pion ‘events (pﬁ:uo) execludes S-coupling.The
electron~-neutrino angular correlation also allows the differenti-
ation between V and (S,T) couplings. In the case of vector cou~-
pling the pair-goes off preferentially in the same direction

whereas for scalar or tensor they tend to go in opposite direction.
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A convenient analysis of KeB events in terms of the varlables Eﬂ
20

and Q = E - E, y has been proposed by Kobzarev The distri=

bution is given by:

ar _ 1 Q > , , , )
aE 4 (4 m)7 <mK(Wv' Ev’|gs*?n§ ng + HE -m - Q )|f1| >
TT ’ .

(22)
The boundary curves are:
w,n,-E_n_=0
> 5 (23)
E- - ﬂ-—Q =0
Hence, for pure vector coupling no events near the hyperbola

should be found; for (S,T) combinations no events are to be found
close to the straight line; for a pure tensor coupling the popu-
lation of events around the vertical axis should be scarce. The
distribution for pure scalar is uniform along the horizontal
lines. The distribution will be symmetrical with respect to the
vertical axisyunless there is a mixture of scalar and tensor inter

actions. As pointed out by Okun'ao

3 the symmetry of the distri-
bution is sufficient to ensure that the number of electrons with
energy B £ W /2 is less than half the total number of electrons.
This condition will obtain for any combination of scalar and

vectorgor tensor and vector couplingszj‘o

THE ELECTRON ENERGY SPECTRUM.*

If the non=-leptonic current is a pure T = % isospinor the

*
After the completion of this manuscript a paper wa.s gubliahed by M. Bolster

1i and D, A. Geffen (Phys. Rev. Letters 7, 203 (1961)) using the same ap-
proach of this section and cbtaining the results found here for vector cou-
pling.
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distributions of the decay products of charged and neutral K-mesons
must be identical except for small correctlons due to mesonic mass
differences within the multiplets. A pure T = 3/2 current also
gives, for the decay of neutral K-mesons satisfying the selection
rule A S = A Q, the same spectrum as for the decay of the charged
meson. However, é mixture of T =3 and T = 3/2 currents will, in
general, give different distributions for the X" and K° decays . There
fore, an investigation of the sfectra of both charged and  neutral
mesons must be carried out. For the charged K-mesons it is not so
easy to determine the complete kinematics of the events. It would
be necessary to see the conversion of both o-rays from the'wgﬁbcay.
The energy spectfum of the charged lepton is then the most acces-

sible to experimental determination.

In this section we shall discuss the question of extracting
from the lepton spectrunm alone definite information on the type of
coupling. An analisys of the spectrum with this same purpose has

been carried out by Furuichi et ai‘al

« We have to find out proper-
tles of the leptocn spectrum whieh are characteristic of the type of
coupling and independent of the structure of the form factors. For
this purpose the electron spectrum is much more convenient than the
‘muon one, because by neglecting the electron mass,one achieves a
considerable simplification in the expressions for.the energy spec-

trum. The electron spectrum is then given bj:

S S ya( 22 G
dE  (4r¢ mK)3 0 Ps™ Py Pr ™ Por 2 my |

w = 2E(W_=E)/(mg~ 2E)

where
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The energy E is a double valued function of w:

E =% (W, + wi VD) (26)
where '

D(w) = (W_;r- w)é - mTZr (27)

In the physical region w is positive; the end points of the spec-

trum correspond to w = 0; the maximum value of w is wo“—‘a—}n--ﬁmK-mﬂ)Z
K
corresponding to the energy E = * (mKumTr) = 180 MeV.

The expressions for the p's in terms of E and w' = WZ/E My
are: 2
po(Baw) =+ [ (wn)|” mg wr (28)
L 2
Py(Bowt) = 2 |f1(wt)|  (mp=-2E)(w-w!) (29)
N 2 !
Po(Bawt) = ¥ Jgp(w)| (28 -1y -wi)?
..‘ 2 2 w!
=% gplwt)l  (w-wr? vD)e — (30)
ng
PST(E,W') = Re(gsg;) (2E=-We-w') wt
= Re(g_gp) (w=w! £/B) w (31)
Now:
v d /ar dw Y oap
o (-—-):  — P(E, w) -+ - qu! (32)
dk dE - 3E 0 Ok
where :
Aw IIl2 .
—=1l-=—T—s=%2/5/ (mg~2E) (33)

The slope of the spectrum at Eo,for the different types of cou-~
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pling,is given by:

d dT
— ——-§->:0
4B dE

d Yo 2
— —_— £, (wi)]C (wy=wt) dw' < O (34)
(4n mK) 0 '

4 (dTlq 8 Yo 2 Wt
—_ = 3 lgp(wi)|< (w ~wt) =— aquwt> 0
dE \ 4E (4 mg) 0 By

One arives immediately at the following results: The energy

spectrum of electrons has a maximum:

a) at the energy E sif the coupling is scalar.
b) Dbelow Eo,if the coupling is vector.

c) above BE,;if the coupling is tensor.

0p,
For scalar coupling 3}? = 0 and the curve has only onemaxi
mum at E = E . If the form factor g ,(w) vanishes for some value

of w in the physical region (0, wo), the curve has points of ip
flexion with zero slope on the left and right of E, at the ener-

gies corresponding to that value of w.
For vector couy ing pv(E, w) = 0, and:
2%
— = o (wewt D), (w)] (35)
O 1

%y
Below E = we/a one has w< D ang -B-E- >W'lfl(w')12) 0.

Hence, for vector coupling the maximum of the spectrum is
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located in the interval (W /2, EO)°

In the case of tensor coupling one can see from the last
expression for P that the peak above E, is an absolute maximum.
However further details on the shape of the spectrum cannot be

foretold without some knowledge about the form factors.

These general features of the spectrum can best be exhibited
in a plot against the variable w. The curves shown in Fig. 1 have
two branches corresponding to the intervals (O, Eo) and (Eo, We),

They all start with zero slope, like wa

- for small w. If the
coupling is scalar the two branches shall coincide Fig. la. For
vector coupling and (S,V) combination, Fig. 1b (tensor coupling
Fig. lc) the branch for E<E_(E >E ) stéys above the other branch
E > EO(E < EO) and has an absolute maxim:umn The two branches join
dT

smoothly at the turning point w = Woe Thus s the plot of B

against w provides a quantitative test of pure scalar coupling.

One can obtain a similar test for vector coupling. We intro-
duce the variable v = E(1-E/m); the spectrum %T;)- of 9, has its
maximum at 9, = B (1= E /my) = %? . Therefore the distribution
of events plotted against VL peaks at a definite point we/a inde-
pendently of the form factor. Moreover the two branches E < Eo
and E > E_ of the function (dt/dq) plotted against w, must coin-
cide if the coupling is pure vector. For pure scalar or tensor
couplings the branch of (dT/dw) for v > N, stays always above the
branch %< VA Therefore, the same will happen for any combl-
nation (V,S) or (V,T). Moreover the distribution of events a-

gainst v has an absolute maximum at 7> for both tensor and

scalar coupling. Hence, for the combinations (V,3) and (V,T) the
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absolute maximum of (dT/dr() must occur above w . In order to
obtain the absolute maximum of (dT/dy) below Vo? @ mixture of

scalar and tensor interactions is required.

In the case of tensor coupling there is no simple test analg
gous to the precedings ones. The function which exhibit such
symmetry in w, contains first and second derivatives of the energy

spectrum. This function is:

da é- 4aT
D(w) —= = 2 — D{w)~ (36)
dw dw my -
Since an extremely precise determination of the spectrum would

be required to obtain this function, its practical use is rather

limited.

Finally we consider the question of determining the form
factors from the knowledge of the spectrum. For pure scalar and

vector couplings they would be given by:

(a7 m.)> & aT
g (wn)]Z = —E > (——) (37)
My d w aE

]fl(w)l2

(47 mg)® a2 (d'l‘
2 my dw an
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glﬂ ﬂll dar
dE d= dB
E>
EzE, E<E,
> W » W =W

Fig. 1 - General shape of the spectrum %% plotted against the varlable w. The
curve has in general two branches corresponding respectively to ener-
gies B < Bo and B > Eo. For pure scalar interaction, Fig. 1la, the
branches coincide. Pure vector or tensor coupling would give a curve

like in Fig. 1b and Fig. lc respectively.



