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Consequences of a Weak Vector Boson for the Decay K -> ^+v+e + +e~ f 
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The effect of an intermediate vector boson, with arbitrary anomalous magnetic and quadrupole moments, 
has been investigated for the decay K — iiJrv-\-e+Jt-e~. The presence of the boson can have a striking effect 
on the orientation of the plane of the Dalitz pair relative to the decay plane. This effect is greatest in a kine
matic region where the Dalitz pair emerges at a large backward angle with respect to energetic muons. As in 
the radiative decay K —> n-\-v-\-y, there is an enhancement in the differential transition probability in this 
region. Sample distributions in the momentum and energy separation of the Dalitz pair are given. 

IN a previous paper1 we considered the consequences 
of the existence of a weak vector boson W for the 

decay 
K-+n+v+y. (1) 

We found that the emission of photons at large, back
ward angles with respect to the muon direction can be 
significantly enhanced, for energetic muons, by the 
presence of a (not too massive) W. In Table I we extend 

TABLE I. Ratio R = TD(mw)/T'D(OO) of decay rate for K—^ixvy 
with a W boson to the decay rate for inner bremsstrahlung 
(mw= oo) in a kinematic region defined by Ey

e**>, £ / X P = 137 MeV, 
0i«»=18Oo, 0 2 « P = 1 4 3 ° (cf. Ref. 1, Table II). 
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those calculations to cover the range of W mass of in
terest at present. We also remarked that the polariza
tion vector of the photon which is favored by the pres
ence of the W boson can be perpendicular to that result
ing from inner bremsstrahlung alone. Therefore, the 
sign of the polarization will be reversed in regions where 
the contribution from the W boson dominates. 

In this paper we wish to discuss the^related decay 
mode 

K->n+p+e-+e+ (2) 
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1 Edw. S. Ginsberg and R. H. Pratt, Phys. Rev. 130, 2105 (1963). 

in which the photon is internally converted to an 
electron-positron pair. One reason for considering this 
Dalitz pair decay is that, experimentally, it is apparently 
very difficult to measure the correlation of the photon 
polarization with the decay plane, for reaction (1). 
On the other hand, it may be easier to measure the cor
relation of the plane of the Dalitz pair with the decay 
plane, for reaction (2). (As pointed out by Kroll and 
Wada,2 there is a strong correlation between the plane 
of polarization of the photon and the plane of the pair 
into which it converts.) The Dalitz pair decay, of course, 
involves one higher order in the electromagnetic cou
pling, compared to the radiative decay, and is thus much 
rarer; the rate is reduced by approximately 2a/V. 
Another reason for looking at reaction (2) is that the 
detection efficiency for the radiative decay (1), under 
certain experimental arrangements, may be quite low, 
so that the counting rate may well be comparable to that 
for process (2) .3 

We will here assume that the correlations for the elec
tron-positron pair in (2) follow from the well-known 
features of quantum electrodynamics.4 We will make no 
new assumptions concerning the interactions involving 
the W boson. To lowest order in the fine-structure con
stant a, the Feynman diagrams for the process (2) are 
shown in Fig. 1. The charged W can interact with the 
electromagnetic field via its charge, magnetic moment, 
and quadrupole moment. The form of the coupling 
between the W and the electromagnetic field is given in 
Ref. 1 and elsewhere.5'6 The W is assumed to have arbi
trary anomalous magnetic and quadrupole moments, 
(e/2niw)(jJ>w-~l) and (eQw/niw*), respectively. As far 
as the numerical calculations are concerned, we will 

2 Internal pair production has been discussed theoretically by 
R. H. Dalitz, Proc. Phys. Soc. (London) A64, 667 (1951); N. M. 
Kroll and W. Wada, Phys. Rev. 98,1355 (1955); and D. W. Joseph, 
Nuovo Cimento 16, 997 (1960). See Kroll and Wada's paper for 
references to earlier work. 

3 G. H. Trilling (private communication). 
4 Experiments on other processes involving internal pair produc

tion support this conclusion. See N. P. Samios, Phys. Rev. 121, 
275 (1961); R. Piano, A. Prodell, N. Samios, M. Schwartz, and 
J. Steinberger, Phys. Rev. Letters 3, 525 (1959); N. Samios, R. 
Piano, A. Prodell, M. Schwartz, and J. Steinberger, Phys. Rev. 
126, 1844 (1962). 

5 T. D. Lee and C. N. Yang, Phys. Rev. 128, 885 (1962); T. D. 
Lee, Phys. Rev. 128, 899 (1962). 

6 J. A. Young and S. A. Bludman, Phys. Rev. 131, 2326 (1963). 
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denoted by the same symbol in boldface type, and 
masses and energies by ni( > or E ( ) with the appropriate 
subscript. We use the abbreviation x= (co,q) = g1+g2, 
so that x2 is the invariant mass squared of the Dalitz 
pair. 

The expression for the decay rate, differential in the 
muon variables dkM is obtained by a procedure outlined 
by Kroll and Wada,2 which makes use of current con
servation, x a / a =#«/ a

( p a i r ) ==0 , to resolve Ja into trans
verse and longitudinal components. After a lengthy 
calculation, the differential decay rate, in the c m . 
system (initial kaon at rest) can be written as 

dT/dk^ ( / / W - 2 ) V ( 2 7 r ) - 7 I dqdydcp(2Elt)~
1 

FIG. 1. Feynman diagrams for process (2). 

assume that the intrinsic anomalous quadrupole mo
ment is zero (i.e., Qw=0). This is consistent with the 
^-limiting process constructed by Lee and Yang.5 The 
W is coupled to the lepton current in the usual manner.7 

The matrix element for process (2) is found by using 
standard techniques and can be conveniently written 
in the form 

901= (ffmw-z)(2ir)-*e2fne(irEKEfXEt,E1E2)-
1t2 

Xd^ip-k.-k^-x^JJ^^JaX-2, (3) 
where 

Ja(vM = u(p1)yav(p2), (4) 

Ja= (meEvy^,{K) (MJ+M^+MJ11) 

Xi(l+m)*,(k,), (5) 

X{Uo(l-y2)+A+H(l+y2)+m2x-^ 

-AJH(\-y2)-m2x~2~] cos2<p 

- {mKEv)-\yx~2lx2{\~y2)~4:m2JI2 

XRe £ / o / / c o s ^ } , (9) 

where 

r2pa-xa 7 a ( ^ + ^ - T ) " l 
ta

1 = mfl\ - - — , (6) 

Qwp-x\ 

H M™ = 

X 

1 — fJLw 

2mw2 

x-y(p—x)a— (p\X—x2)ya' 

% 2 - (p—x)2 (7) 

W f 2 - (p — x)2. 

X xax-y—x2ya— 
mw 

-(p'XXa — X2pa) (8) 

In these experessions, the four-momenta of the various 
particles are as indicated in Fig. 1, three-momenta are 

7 See Ref. 1, where the notation is defined. 

A^mK-lcM2-ci)\KV sin20, (10) 

A+=A-.+mK~1C7[i(cA2—ci){m2—c2) 

+ 2EvCA(EflCA—mficz)'], (11) 

A0= (mKEv)-'lE,Evci+l(ci-ci)(m2-C2) 

+mfXCQ(Evcz+c^x-kv) 

I C5 \Jv ' K uJv ' fv 1/ ^2"V tvfi' fvp) 

JrciCf,{Ellx-kl,
JrEvx-kll,—u,kli-kv)~\, (12) 

Re E JoJ^=^\K\^€cz2(E,-Ell)+cic6(Ev+Ell) 
spins 

+fytnCz(ci—Ce)+czC^(x'kv—X'ktl) 

+ninCAC&i}, (13) 
and 

C\—:=^'X'fvjj, I X , 

C2=niK2— 2niKW-\-x2, 

C3 = mfX
2cr1+£(2—fjiw—hnKinw~2Qw) (MKOI—x2) 

+ (1 — ixw)x2~](rnw
2—ci)-1, 

CA=mlimKcr1
J 

c5= — [(2—fiw—\mKmw-2Qwu){mK—o>) (14) 

+ (1 — iiW)oi]{mw
2—c2)~

l, 

CQ=CA+mlimK/fnw~2q2(^—^w) (mw
2—C2)~l 

— m^ (2MRU—x2)~ l (2MK—co) , 
CT= (fEv~

lX~~2. 

In Eq. (9), the variable y is a measure of the energy 
separation of the pair; y= (Ex—E2)q~1. The angle be
tween the muon direction and q is denoted by 6 and (p 
is the angle between the plane of the Dalitz pair and the 
decay plane (e.g., the plane of q and k^). 
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From the preceding equations, the distributions in 
the two independent variables of the Dalitz pair, x 
and y, as well as in <p can be obtained by integration. 
The kinematics of the decay, which determines the 
ranges of the variables, is discussed in the Appendix. 
As mentioned earlier, the orientation of the Dalitz pair 
relative to the reaction plane is of interest, since it is 
sensitive to the properties of the W boson. The y 
integration in Eq. (9) can easily be performed analytic
ally. We then find that the distribution in <p may be 
written as 

/•2x /•Smax 

dT/dk^ ( / / W - 2 ) V ( 2 T T ) - 7 / d<p \Ey~Hq 
J 0 J gmin 

XLv^+2me
2x-2)(Ao+A+)-WA-. cos2*>], (15) 

where TJ = (1 —4we
2x~2)1/2 and qmin and #max are given by 

the appropriate expressions in the Appendix. In Eq. 
(15), the q integration can be performed numerically 
with the help of an IBM 7090. The resulting correlation 
in the angle <p can be conveniently expressed as 

/»2TT 

dT/dkp= (dT/dkJ (27T)-17 d<p(l-f cos2<?). (16) 
J 0 

The parameter £ in Eq. (16) then determines the cor
relation between the plane of the Dalitz pair and the 
reaction plane. In Table II we give the results of our 

T A B L E I I . Values of the coefficient of cos (2<p) in Eq. 
(16) for various mw and nw-

mw/wK 

1.0 
1.9 
2.5 
3.0 
3.5 
oo 

lxW—~2 

- 0 . 0 6 6 
- 0 . 0 5 1 
- 0 . 0 0 2 

0.044 
0.079 
0.140 

vw— — 1 

- 0 . 0 6 6 
- 0 . 0 3 1 

0.033 
0.076 
0.103 
0.140 

JJLW = 0 

- 0 . 0 6 6 
0.012 
0.079 
0.109 
0.123 
0.140 

w = l 

- 0 . 0 5 3 
0.091 
0.123 
0.132 
0.136 
0.140 

Vw — 2 

0.133 
0.139 
0.139 
0.140 
0.140 
0.140 

numerical integration for a variety of choices for the 
boson mass (expressed in units of MR) and total mag
netic moment JJLW (expressed in boson magnetons). (We 
have assumed Qw=0 as mentioned earlier.8) We have 
chosen the muon energy and the angle 6 to lie in the 
region where the PF-boson effects in the radiative decay 
(1) are the largest. Specifically, we pick EM= 137 MeV 
(kinetic energy) and 6= 166°; [this choice corresponds 
to the maximum of curve (a) in Fig. 1 of Ref. 1% We 
also recall1 that the requirement of large muon energy 
is just what is needed to distinguish the decays (1) 
and (2) from the background due to 

\ (17) 
2-y 0 r ,y-j-£-f- |_£-# 

8 See also footnote 12 of Ref. 1. Of course, we are also neglecting 
all higher order corrections to the magnetic moment . 

As seen from Table II, the value of £ can be drastically 
reduced by the presence of the W, and can even be 
made to change sign. 

The above numerical calculation also furnishes values 
for the differential decay rate integrated over the 
Dalitz pair variables x, yy and <p. This is expected to 
reflect the enhancement in the differential transition 
probability for the radiative process previously pointed 
out.1 In Table III we give the ratio of dT/dk^ for vari-

T A B L E I I I . Ra t io for the differential decay ra te dT/dk^ 
to tha t for mw — °° • 

mw/niK 

1.0 
1.9 
2.5 
3.0 
3.5 

w = _ 2 

93.7 
4.91 
2.05 
1.41 
1.16 

/JLW-— 1 

53.2 
3.05 
1.51 
1.18 
1.05 

fiw = 0 

23.0 
1.78 
1.16 
1.03 
0.99 

w = l 

5.91 
1.10 
0.99 
0.97 
0.97 

MTF = 2 

1.06 
1.01 
1.00 
1.00 
1.00 

ous values of mw and JAW, to the differential rate assum
ing no boson to be present, i.e., mw= °° • The similarity 
between Table III and Table I, and Tables I and II in 
Ref. 1 is apparent. 

The shape of the distributions in q (which is essentially 
the same as the distribution in x, except for kinematic 
factors) and y are not especially sensitive to the pres
ence of the W; it is the area under these distributions 
which is sensitive to the W, as can be seen from Table 
II. The distribution in x is sharply peaked for small 
values of x (>2me) corresponding to the predominance 

E/i = 137 MeV.cos 0= -O .97 

F I G . 2. Sample differential distribution in q for various values 
of the W parameters mw and JJLW- Nearly half the area under the 
curves is between 1 and the arrow. 
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500 

EM s »37 MeV, cos©* -0 .97 

mw -2.5mk , M * = - 2 

1.0 

FIG. 3. Sample differential distribution in y for various 
values of the W parameters mw and fxw-

of "nearly real" photons in process (2).9 For nearly all 
kinetic configurations of the muon, this corresponds to 
large values of q (<gm ax), i.e., just those that are en
hanced by the W in the radiative process (l) .1 Therefore, 
the internal conversion coefficient p, i.e., the ratio of 
processes (2) and (1), is not expecially sensitive to the 
presence of the W either. Figures 2 and 3 give sample 
distributions in the variables q and y. 

In summary, we repeat that the orientation of the 
plane of the Dalitz pair relative to the decay plane in 
the reaction K—>fx+v+eh-{-e~ can be affected in a 
striking manner by the presence of an intermediate 
vector boson. Our investigation indicates that this effect 
is greatest in a region where the Dalitz pair emerges at 
a large backward angle relative to the muon direction 
for energetic muons. 
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APPENDIX 

In this appendix we deal briefly with some of the 
kinematics for process (2). We choose to work in the 
c m . system of the decay, where conservation of energy 

9 See N. M. Kroll and W. Wada, Ref. 2. 

and momentum take the form 

0 = k „ + k , + q ( A 1 ) 

from which the neutrino energy is easily eliminated. 
Our main interest is to find the restrictions on the 

variables q, x, and y, for fixed values of EM and cos0. To 
this end, we first solve for co and q as functions of x; 
[recall that x= (w,q) and x2=co2— g2]. The solutions are 
the roots of a quadratic equation, 

q±(%)=— |kM|/i(ai) cosdzk(mK~Efi)t2(x) (A2) 

w±(x) = (mK—Efi)t1(x)::F\kfJi\t2(x) cosfl, (A3) 

where 

ti(x) = i(H*+**)(H*+ |kM|2 sin2!?)-1 (A4) 

^ W = | [ ( ^ 2 - x 2 ) 2 - 4 x 2 | k / , | 2 sin2*]1'2 

X C f f + l k ^ s i n V ) - 1 (A5) 

and H2=(p—kfjL)2=mK
2—2mKEfi+mfl

2. The region of 
validity for the solutions (A2) and (A3) depends on the 
values of EM and cos0. The situation is as follows: 

(i) For 

m,<E^<E^il(mK-2me)
2+mf

2'](mK--2me)~
l, 

and cos#>0, the proper solutions are co+(#) and q+{x). 
The range of x is 2me<x<mK—Efi—\kM\ and q is 
restricted to values between 0 and <?max=£+(#= 2me). 

(ii) For m^E^E* and cos#<0 the same solutions 
as in (i) apply provided 2me<x<mK—Efl— | kM|. How
ever, when MK-E^- |k^| < X < X * E = (H2+ |kM)2 s i i W 2 

— | k„\ sin0 both solutions co±(x) and q±(x) are possible. 
The range of q is still 0 < g < # m a x . 

(iii) For E*<E»<Em^MK-1(MK2+m/-4fn2) 
only backward angles which satisfy the condition 
sm6<(H2—4me

2)(4me\ktl\)-
1 are allowed. Again, both 

solutions are possible and the ranges of x and q are 
2nie<x<x* and q~(x=2me)^qmin<q<qma^. 

Since it is sometimes the case that q is a double valued 
function of x it is not convenient to make the substitu
tion dq—>dx, since the derivative dx/dq can vanish. 
However, as mentioned earlier, the distribution in x is 
very sharply peaked for values near the minimum value 
of 2me. In case (ii), q is still a single-valued function for 
2me<x<mK—Eil— |kM |, which comprises most of the 
range of x provided E*—E,j^>?ne. Case (iii) applies 
for only the highest values of E^ since £ m a x —£* 
« m e ( l - m / w r 2 ) ~ ^ e , and is of little practical 
interest. 

Finally we note that the requirement that the 
transverse momentum of the pair be real yields the 
relation9 x2(l—y2) — 4w e

2>0, from which one finds 


