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On the hypothesis of the conservation of the combined parity, formulas are obtained for the
angular and energy distributions of the inner bremsstrahlung accompanying the decay of a
polarized p meson.

FOR an unpolarized p meson decaying into a neutrino, an antineutrino, and an electron, the bremsstrah-
lung has been calculated by Lenard! and Skorniakov.2 It has now become evident®:* that parity is not con-
served in decay interactions. In this connection it has been pointed out® that the neutrino can be a longi-
tudinal particle* This hypothesis can be regarded as experimentally confirmed.! Because of the longi-
tudinal character of the neutrino, only the vector and pseudovector types of coupling take part in the inter-
action for the decay of the p meson.’

In connection with the nonconservation of parity in the weak interactions, the question arises of the
asymmetry of the angular distribution of the inner bremsstrahlung of a polarized p meson. That such an
asymmetry must exist can be seen just from the fact that the radiation is mainly in the direction of motion
of the electron, and the electrons have a preferred direction of emission in the decay.

We use the method for calculating the decay probability, developed by Lenard,! and the method of cal-
culation by means of polarization projection operators, developed by Tolhoek, Fano, and Michel J

The probability of radiative decay in a range of momenta of the electron and the quantum isl?

B (p, K) K d*p= (21:)—8&& d%k o'+ D)) (| R1i) 3 (P—K —h—k'— p) 3K ddp. (1)

Here and below we have used the notations of Ref. 1: M and m are the masses of the p meson and
electron; € and W are the energies of the electron and photon; P, p, K, k', and k are the four-mo-
menta of the p meson, electron, photon, neutrino, and antineutrino, and p and K are three-dimensional
momenta. We set i=c =1 and e?/4r = 1/137.

The matrix element for the transition is:

. - , - . A iM A
(1R10) =g B8 1+ 1001 (1 =103 ) {1 ()| i oo+ g g | 0 H 90V P (2)

In Eq. (2) the nonconservation of parity has already been taken into account. u(p) and U(P) are the
wave functions of the electron and p meson; q=p +K and Q =P — K are the momenta of the electron
and p meson in the intermediate state. The probability is found by summing over the spin states of the
electron and the polarizations of the quantum:

B (p, K) = %#—W F; F =7 (GG)Sp {;3 [ﬁ’((ﬁ*‘k)“{a—'fo(ﬁ—ﬁ'f'iM)p%](l + M) (14 B) (1+ JysPy)
X (10 5+ R S — e (b — R —im)] (1 30} 550 (P [ (54 R) G — G (B — K+ i) | (1 42 (1 4-8)

X (14 i) [ G (5 + K) 2 — 2 (P — R — i) (1 + )]

*Note (October 9, 1957): In connection with the latest data on the neutrino and antineutrino, it must be
poinai_t-)ut that since in the problem considered here the essential point is just the existence of the vec-
tor and pseudovector types of interaction, which can be regarded as experimentally established? by the
measurements of the energy spectrum of the electrons, the hypothesis of the longitudinal character of the
neutrino leads only to a renormalization of the interaction constant (the renormalization constant being 2).
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G=P—p—K;, P=(Py) etc. (3)

Here J is a unit vector giving the direction of the spin of the p meson. The calculations give a formula
of the following form:

F = % {f1 4+ (pw1)* 2 + (PJ) (PW1)* fs + (PJ) Fa+ (KJ) f5 =+ (pwy) (P, [Ixwi) fo + (pw1)? (KJ) f + (Jw)(pwy) for  (4)

Here
w; = Kx[pxK]/| Kx[pxK]|, fi=Fi(s, M, W, (pK)).

The values of the functions f; and the limiting cases for them are given. in the appendix.

The terms in Eq. (1b) of the appendix that contain in their denominators the quantity (pK — €W) to
only the zeroth or first degree are small, since in them integration over the angles does not give rise to
the factor In(2¢/m)?. After neglecting such terms one gets the formula

et (pwy)* W2 B (p) d*pd°K. (5)

B (K, ) ¢ &K =3 o ok ey

Here %W (p) is the probability for the emission of the electron into a given range of angles and energy,
as given by Landau’s formula.’ Equation (5) has just the same sort of form as Lenard’s formula,! but
now BW(p) stands for a different expression.

The precision of Eq. (5) is given by the ratio 1:1ln(2€¢/m)?, or about 1/10.

In order to find the total probability for emitting a quantum one must integrate Eq. (3) with allowance
for (1b).

Since we are confining ourselves to just the region of small frequencies and thus the condition W =
M/2 - € is fulfilled everywhere except in a very small range of energies of the electron, we can ignore
the fact that near the upper limit of the integration, given by M/2, not all angles between the momenta
of the electron and the quantum are allowed. Integrating, we get

B0 EK = 22 a0, (o4 (1499 (Sin 20 Fro)— 0K (L1n 2 = (6)

The ratio of the numbers of quanta emitted at small frequencies in directions with and against the spin
(the numbers of quanta integrated over the hemispheres) is 1:1.5 for A =1, Let us calculate the prob-
ability of emission of a quantum with energy larger than a certain value W,. We confine ourselves to
terms containing the factor In (2¢/m )2, and thus get an accuracy of about 10%.

In integrating the expression (3) over the angles, using Eq. (1c) one must note the fact that at large
energies not all angles between the momenta of the electron and the quantum are allowed; the limits of
integration are therefore as follows: —1 < cos(Kp) =1 for W=M/2—-€ and —1 <cos(Kp) =a
for W = M/2 — €. Here a = M%/2pW — M/W — M/p + 1.

As the result of the integration we get

M2

K __ g - ACInW (2e/m)?
qs(— W,)d0, = mats [{@em: 452M)M’S TsT e AW — (e — M) (M —6¢) Min -l
2_

+ (— (3eM? — 4e2M) In W, — (3 M2 — 8Me) Wy + 2MW3) In ( ) ](1 +3) + 21 (pJ) [(— 12MeIn W, — 46MW,

M2

M2, 8 M 3 2¢ ACInW 133 (2e/m)?
?Wo—§?WO>2]n7+12MsMS de——<TM —a1pp 2O ) W]}dQY. (7)
5 ¢
Here
A=1l+e/pl  B=(@—2M)pl; C=(M—2)M/|p|.

The total energy radiated into the given range of angles, as obtained in the same approximation as the
preceding formula, is given by
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8()&2,,)6 8 ME[(1 + x2) — 2xcos (KJ)]. (8)

We observe that the radiation is symmetric with respect to the plane of p and J. I thank L. B. Okun’
for the suggestion of the problem and K. A. Ter-Martirosian and I. S. Tsukerman for discussions.

APPENDIX
Exact values of the functions fj:
fr = — (3MW [ (pK) — AMW? | (pK) — AMeW | (pK) + 4W + 3 (pK) | W
— 4 (pK) | M — 4e (pK) | M? + 4 (pK)*/M*W + 2M} (1 4 3%),
fa =1(1422) ) M (pK)¥ {3eM3 + 3M3W — 3 (pK) M2 — 42 M2 — 8 M2eW — 4M2W?2 - 8BMW (pK) -+ 8=M (pK) — 4 (pK)%},
fs = — O\ (pK)2 {— 4M? + 16Me + 16 MW},
fa= 2N {—3M2/W?2 + 8Me/W? + 10M/W — 2pK/W? — 8¢/ W + 2 (pK) | MW + 4MW | pK},
fo =2 {—6eM [ W? o 12e* | W? — 42 (pK) | MW? + 6M? | (pK) — M= [ (pK) — 8MW [ (pK) + 20 — 2 (pK) | W*
+4e | W 4+ 18 (pK) | MW — 4 (pK)? | MW? — 6M?2e | (pK) W + 14Me2 [ (pK) W + 2M | W},
for=—(1+22){—8M/(pK) + 24¢/ (pK) + 24W [ (0K) + 4/ W},

1 4M2
fr = — 2 Gy (8 — 4M) + iy — 1w+ ke |

8Me — 6M2— 16pK 2M2e 14M 2M:—: 2eM 24 (pK)}

24¢
o = PR L S (M — 2W) — e — N+ 54— e Ry (1a)

Here (pK)=pK — €W,
If we confine ourselves just to the case of small frequencies, i.e., if W « €, then the functions f; go
over into the following:

1
h=f=fo=f=0 fo= grox—amp GeM* —42M*} (1 + 1), f3=—2(16Me—4M?) [ (pK — W)

fo=2N(8Me —3M?2) [ W2, [q=2N{(— 6M?+ 8Me)/W? — (2M?2e + 2Me?) | W (pK — W)} (1b)
If we include only those terms that give In (2¢/ m)2 on integration, then the functions f; go over into the

following:

Fo = Tk (3M? — 42 M2 3MPW — BM?eW — 4M2W?),

fs=— 2k {—4M?+ 16Me + 16MW} [/ (pK —W)?, [, =—204M*/ (pK —=W)2. {1c)
Note added in proof (November 15, 1957). While the present paper was in press, papers were pub-

lished by Kinoshita and Sirlin, in which effects of radiative corrections and inner bremsstrahlung on the
asymmetry of the positrons are calculated.
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