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The angular anisotropy in pt—et and =

the u+ —et

—u* decays was measured. The dependence of
decay anisotropy on the electron energy is not inconsistent with the two-compo-

+

nent-neutrino theory. No angular anisotropy is displayed by = —u"' decays.

1. INTRODUCTION

THE experimental data accumulated on angular
correlation in p—e and 7 —p decays is currently
of interest. In the former case, it can be used to
verify the two-component neutrino theory and to
understand the nature of the depolarization of the

¢ mesons remaining in media. In the latter case

it can essentially establish the presence or ab-
sence of the correlation itself.

As was shown by Lee and Yang,! Landau,? and
others®* who have developed the theory of the two-
component neutrino, the degree and character of
the angular anisotropy in p—e decay depend sub-
stantially on the energy of the decay electrons.

Let € be the decay-electron energy in units of
maximum energy in the p—e decay. The angular
distribution is then, according to the two-compo-
nent neutrino theory,

AN ~ 22 [(3—2¢) + Ecos 9 (2 — )] ded, (1)

where ¢ is the angle between the momentum of
an electron emitted inside a solid angle dQ and
the spin of the p meson (in the 7+ —p* —e+ de-
cay with stoppage of the 7t meson the spin is
parallel to the momentum of the u* meson), and
¢ is a parameter that takes the character of the
interaction into account. Integration of (1) over
all electron energies yields

dN ~ (1 4+ /sEcos 9) dQ = (1 + acos $) dQ. (2)

The theoretical value of £ ranges from -1 to
+1 and a lies accordingly between —Y; and +Y%.
The coefficient a of formula (2) is a parameter of
the theory, while the experimentally-determined
coefficient depends on the degree of depolarization
of the p mesons. We shall therefore denote the
experimental value of this coefficient by A, and
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the correction for depolarization by a.
We have studied the angular anisotropy in the
7t —ut —et decay with discrimination by decay-

electron energy.

2. EXPERIMENTAL CONDITIONS

The 7" — put— e™ decays were registered in a
750-cc propane bubble chamber.® The chamber
was exposed in a 7T -meson beam using the phaso-
tron of the Joint Institute for Nuclear Research.
The 7" mesons were formed on an external poly-
ethylene target by protons with energies of ~ 660
Mev. The target was 70 cm long, making it possi-
ble to increase the 7 -meson yield through the
use of the two reactions of 7" -meson creation,
p+p—>7r++p+n and p+p— 7" +d.

The =t mesons, with an appr .é,’ imate energy
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FIG. 1. Angular distribution of electron momenta relative to
the p-meson momentum in #+— pt+—et decay. The abscissas
indicate the projection of the spatial angle ¢ between the p-
meson and the electron momenta, and the ordinate indicates
the number of electrons over the interval of the angle ¢. The
smooth curve corresponds to dN ~ [(1+ A(7?/16) cos ¢) dol
at A=-0.22 £ 0.03. Horizontal line — isotropic distribution.
N = 6670,
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of 180 Mev, were aimed with a deflecting magnet
into a collimator, and were then slowed down by a
copper absorber so that they were stopped inside
the chamber. The total distance from target to
chamber was 7 m.

To prevent distortion of the angular distribution
by precession of the stopped 7t mesons in the
stray field of the accelerator, the chamber was
shielded and the field inside the chamber did not
exceed one gauss. The accelerator beam was
switched off during the dead time of the chamber.
This made possible, in particular, to regular vis-
ual monitoring of the quality of the tracks in the
chamber. Approximately 8,000 photographs were
made during the time of chamber operation, and

6,670 77 —ut —et decay events were registered.

3. ANGULAR ANISOTROPY IN u" —e* DECAY.
DEPENDENCE OF ANGULAR ANISOTROPY
ON THE DECAY-ELECTRON ENERGY

We have measured the projections of the spatial
angles between the momenta of the 7t meson and
the electron on the plane of the camera film. Com-
pared with the measurements of spatial angles, the
measurement of angle projections, in addition to
being relatively simple, has also the advantage that
it becomes unnecessary to introduce corrections
for the angle distortion in the propane (the orthog-
onal projections of spatial angles do not change in
a refracting medium). The error in the measure-
ment of the angle was 1 to 3°, depending on the
length of the track. To eliminate possible edge
effects, which can distort the angular distribution,
the only events analyzed were those in which the
pt meson was not closer than 3 mm from the wall
of the chamber. Events identified as decay of
stopped p* mesons may include pt mesons
scattered prior to stopping or a 7t meson decay-
ing in flight. An estimate shows that these extra-
neous events comprise not more than 1% of the
total number of 7" —put —e* decays.
an

dp
-zoar

FIG. 2. The same

as in Fig. 1 for the
group of 7+ —put—e+
decays with soft elec-
trons; N = 980.
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In the case when the projections of the spatial
angles on a plane is measured, the distribution
(2), as can be readily shown (see Appendix), is

transformed into
dN ~[1 4+ a(=%/ 16) cos o] do, (3)

provided the directions of the u-meson momenta
are distributed in space isotropically (as will be
shown below, this condition is satisfied for 7" —
pt —e+ decays). Here ¢ is the projection of the
spatial angle . Figure 1 shows the distribution
of the projections of the angles between the initial
momenta of the p™ meson and the electron for
6,670 events of 7" —u"— e* decay. It is seen
that the experimental distribution is well approxi-
mated by formula (3).

AN

FIG. 3. The same a9
as in Fig. 1 for the 200f _Tﬁq‘:
group of 7+ —pt—et '
decays with hard 1

electrons. The smooth
curve corresponds to
dN ~ (1 +0.715

Acos ¢)dy at A
=-0.33 £ 0.07; N=
1023. 1000?

E/ A

The coefficient A, obtained from the “forward-
backward” ratio (the ratio of the number of elec-
trons emitted in the 90 — 180° interval to the num-
ber of electrons emitted between 0 and 90°) is
A=-0.22 = 0.03 (Ref. 6).

The error in A is the statistical rms error.

It must be noted that had we measured the spatial
angles, we would have decreased the error in A
by merely 22%.

To estimate the correctness of the two-compo-
nent neutrino theory, it would be interesting to
separate the various groups with decay electrons
of different energies from the total number of ="
—ut —et decay events, and to compare the aniso-
tropy for these groups with that predicted by the
two-component neutrino theory. In the group of
events with low-energy electrons, we have selected
such decay events, in which, over a propane path
2 cm long, the electrons experienced multiple Cou-
lomb scattering at an angle not less than 2 to 3°,
corresponding roughly to a limiting energy of 30
to 40 Mev for these events. A total of 980 such
events was found. The histogram for the projec-
tions of the angles between the momenta of the
" meson and the electron, plotted for these
events, is shown in Fig. 2. It is seen that we have
here complete isotropy. If we calculate formally
the coefficient A, using the above method, we find

Ag= —0,014 1 0,08.

Figure 3 shows the histogram for 7% —pu™ —e+
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decays with hard electrons. This group includes
events in which the electrons were scattered not
more than 2 mm over 3 to 4 cm of their path pro-
jections. A total of 1023 such events was found.
Such a selection does not include events with decay
electrons that have a small projection, the numer-
ical coefficient in formula (3) is not 7%/16 = 0.616,
but greater. Calculations show that it amounts to
0.715. The coefficient A for events with hard
electrons, found from the “forward-backward”
ratio, is

Ay = —0.33 4-0.07.

The isotropy for cases with soft electrons, and the
increased anisotropy compared with the integral
histogram for the cases with hard electrons, are
in qualitative agreement with the concepts of the
theory of the two-component neutrino, according
to which the anisotropy should lead to an increase
in the decay electron energy.

For a quantitative comparison it is essential,
first of all, to take into account the depolarization
of the stopped u™ mesons in the propane. We
shall not carry out a quantitative comparison for
cases with hard electrons, owing to the difficulties
in estimating their energy, and also owing to the
small difference (taking the errors into account)
between the coefficient Ag and the integral coeffi-
cient A, which equals -0.22 + 0.03. We took
account of the depolarization in propane in the
manner used by Chadwick, Wilkinson et a.l.,7’8 who
introduced a depolarization correction for emul-
sion. It.is known from experiments in which the
angular correlation in u"' —et decay is measured
with the aid of counters, that maximum anisot-
ropy, which incidentally is of constant value,
is observed when a p" meson decays in graphite
and in certain pure metals, for example aluminum
and magnesium.? !’ Furthermore, this anisotropy
is the same for all these materials. It can be as-
sumed that there is no depolarization in these sub-
stances. However, the coefficient A obtained in
these experiments cannot be identified with the
parameter a of Eq. (1), for the degree of polari-
zation of the p* -meson beam is not known exactly,
nor do we know the cutoff limit of the decay-elec-
tron spectrum on the low-energy side. Depolari-
zation in propane can be accounted for by measur-
ing the coefficients A for carbon and propane, in
the same setup, by the counter method. Such meas-
urements are available in Ref. 10, which gives for
carbon A = -0.27 £ 0.02 and for propane A =
—0.18 + 0.015.

The ratio of these two quantities will character-
ize the change in the coefficient A due to depolari-

zation in propane. To introduce a correction for

the depolarization in our measurements, it is nec-
essary to multiply our measured values of the co-
efficient A by this ratio. We then obtain for the
entire electron spectrum

a= A(0.27/0.18) = — 0.33 4 0.06.

According to the theory of the two-component
neutrino, a can range from -0.33 to +0.33, i.e.,
there is agreement with experiment. Introducing
the depolarization correction for the group of de-
cays with soft electrons (980 events), we get

ag = Ag (0.27/0.18) = — 0.02 4-0.11.

To calculate the theoretical values of the param-
eter ag, it is necessary to integrate the distribu-
tion (1) to the limiting energy of the soft electrons.
For a more accurate determination of the limiting
energy, we selected approximately 200 events of
= pt - et decays with an electron track length
not less than 2 cm. We then calculated the ratio
of the number of events with soft electrons to the
number of remaining events, and obtained a value
of 0.375. Then, integrating (1) over the angles,
we obtained the distribution over the electron en-
ergies only: dN(€) ~ €2(3—2¢)de (which coin-
cides with the well-known Michel formula with the
parameter p = 0.75). The limiting energy was
found trom the relation

ESHZN (e) / ziiZN () = 0.375.

0 1

We obtained €jjy, = 0.56 or Ejjy, = 30 Mev (at
Emax = 53.6 Mev).
Next, integrating (1) to €}ijy,, we get

dN ~ (1 4 ag cos 9) dQ

for a=-0.33, and ag=+0.07. Our value, ag=
—-0.02 £ 0.11, agrees with the theoretical within
experimental error. Thus, the quantitative reduc-
tion in angular anisotropy, observed with diminish-
ing electron energies in the p™ —e* decay, is in
agreement with the predictions of the two-compo-
nent neutrino theory.

The table lists data of five measurements of
the angular p—e anisotropy in 7" —ut—et
decay in propane bubble chambers. We took into
account the correction for depolarization (fourth
and fifth column), and averaged the parameter
a from the five sets of data. In the next to the
last line we give the average value of a obtained
by Wilkinson® from eight investigations in emul-
sion. There is good agreement between the values
of the parameter a obtained in emulsion and in
a propane chamber. This indicates, in particular,
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Number
Method Reference A a 13 of
events
Propane
chamber [1] —0.184-0.05 |{—0.27 4-0.08 | —0.814-0.24 1188
» [*2] —0.194-0.04 | —0.2854-0.07 | —0.85+40.20 3500
» [13] —0.164-0.03 | —0.24 40.05 | —0.7240.17 3734
» [14] —0.194-0.03 |—0.2854-0.05 | —0.85+40.16 6760
» Our data | —0.2240.03 |—0.33 40.06 | —0.9940.17 | 6670
Average —0.194-0.02 |—0.28 4-0.03 | —0.8440.09 21802
1lford G-5 8
emulsion Average' —0.2874-0.039 | —0.8740.12 16000
Average values obtained with
emulsions and propane chambers —0.28340.023) —0.8540.07

that correct allowance has been made for the de-
polarization in media. The last line gives the av-
erage values of the parameters a and £ obtained
with propane chambers and with emulsions. The
parameter a does not exceed the maximum value
(with a minus sign) called for by the theory of the
two-component neutrino, i.e., — 0.33, and accord-
ingly £ does not exceed —1.

4. ANGULAR DISTRIBUTION IN 7" —u* DECAY

Figure 4 shows a distribution histogram of the
projections of the angles between the 7t - and
ut -meson momenta for the same 6,670 77 —u* —
et decay events. It is seen that the distribution

is isotropic between 0 and 150°. The smaller num-
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FIG. 4. Angular distribution of p-meson momenta relative to
the 7 -meson momentum in #+-pu+—e+ decay. The abscissas
indicate the projection of the spatial angle between the #- and
p-meson momenta at the decay point, and the ordinates the
number of mesons within the angle interval. The horizontal line

represents isotropic distribution. N = 6670.

ber of particles in the last angle interval is due to
oversights. We have noted that the greater the
number of extraneous particles in the chamber,
the more oversights occur for decays in which
the projection of the angle between the 7" and

u+ -meson momenta is close to 180°. If a series

of measurements is made with small chamber
loading, isotropy is observed over the entire in-
terval of angles, i.e., from 0 to 180°. The distri-
bution of the angles between the 7" and u'-me-
son momenta can thus be assumed isotropic.
Since in our case of the momentum of the =
meson did not deviate more than 18° from the
beam axis at the end of the range of the 7" me-
sons, it follows from the isotropy in the angular
distribution between the 7" and p*-meson mo-
menta that the distribution of the angles between
the momentum of the u* meson and the axis of
the beam is also isotropic in T —u+ decays.

+

CONCLUSIONS

1. An increase in angular anisotropy with elec-
tron energy is observed in ut —e' decay; this
increase does not contradict the two-component
neutrino theory.

2. The value of the coefficient A in the distri-
bution of the angles between the pt -meson and
the electron momenta, obtained in the registration
of 7F —u+ —et decays in a propane chamber, is

A= —0.22+0.03.

The value of this parameter, averaged over five
investigations in propane chambers, with correc-
tion for depolarization, is

a=—0.28-L0.03,

which agrees with the average values of the param-
eter, a = —0.287 + 0.039, obtained in nine emul-
sion investigations.® The average a obtained in
both propane and emulsion is

a = —0.283+40.023
and correspondingly, the value of ¢ is

&= —0.8540.07.
3. The angles between the meson momenta are
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isotropically distributed in - u+ decay.
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APPENDIX

CONNECTION BETWEEN SPATIAL ANGLE DIS-
TRIBUTION AND THE DISTRIBUTION OF THE
PLANE PROJECTIONS OF THE ANGLES IN
u—e AND m—u—e DECAYS

1. Isotropic Distribution in Projection (7 —pu
Decays)

Let a beam of particles move in the direction
Ox and decay at the point 0, the angular distribu-
tion of the decaying particles being isotropic. We
then have (Fig. 5)

dN = const-dQ = const -sin 6 db do.

In observing the decay along the z axis, i.e., in
projecting the spatial distribution on the XY plane,

we fix the projection of the spatial angle 4 between

the initial direction Ox and the momentum of the
particle OA. Here the projection of the angle ¢
coincides with the angle ¢. The observer, so to
speak, integrates over the angle

dN (9) = const-do S sin 6 df = 2 const -do = const-deo.

0

Consequently, we also have an isotropic angular
distribution in the projection.

2. Distribution dN ~ (1 + a cos 4)d2 In Projec-
tion on a Plane (u—e Decays).

The distribution of the momenta of the decaying
particles about Ox is now expressed by the for-
mula

dN ~ (1 + acos 9)dQ.

The problem consists of expressing this distribu-
tion in terms of the projection of the angle ¢ on
the plane XY, i.e., in terms of ¢ (see Fig. 5).

It is easy to show that the connection between
the angles, 0, ¢, and ¢ is given by

sin 6 cos ¢ = cos 9.

Inserting this expression into the formula for the
distribution over ¢ and integrating again over 6,
we get

Direction of
obsetvation

H4

Direction of
electron emission]

)

z

Direction of
p-meson spin

FIG. 5

dN (9) ~\ (1 + asinbcos¢)sinbdbdp

S 3

=2[1 + (an/4) cos 9] do,
dN (o) ~[1 + (ax/4) cos o] do.

3. Distribution dN ~ (1 + a cos #)dQ in Plane
Projection, Subject to the Condition that the
Direction from which 4 is Measured is Iso-
tropically Distributed in Space (7 —u—e
Decays)

The problem is as follows: The 7 meson
moves along Ox, and the decay p mesons are
emitted isotropically. The momenta of the decay
electrons have a spatial distribution dN ~ (1 +
a cos 0’)dQ relative to the direction of the p
meson (see Fig. 6). The observer sees the pic-
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FIG. 6



768

ture in the XY plane. It is required to find the
distribution of the projections of the spatial an-
gles 6’ relative to the projection of the u-meson
momentum on the XY plane.
Since we always measure the projection of the
‘angle between the meson and the electron, we can
consider the projection of the momentum of the
meson to be directed at all times along Ox (the
¢ meson moves in the ZX plane), and we have
the picture shown in Fig. 6.
In x’y’z’ coordinates the electron distribution
is
dN = const- (1 4 acos6’) dQ.

But now the momentum of the y meson makes an
angle (90— a) with the plane of observation.

It is necessary to find the connection between
the angles a, ¢, 6, and 6’. Then, integrating
over the corresponding angles (taking into account
the isotropic distribution of the u-meson momenta
in space), we find the dependence of the electron
emission on the angle ¢. This dependence is of
the form

cos 6" = sin 8 sin « ccs @ + cos 6 cos a.

Putting AO=a, AB=b, CB=¢, OC =d, and
AC =f, and noting that / OAD =6’ and / OCB =
¢, we write for OB

a? 4 b% — 2bacos 6’ = ¢? + d* — 2cd cos o,
where

b={[/cosa =acosb/cosa;
¢ = ftana = acosftana; d=asinb.

Solving this equation with respect to cos 6’, we
obtain the relation given above between the angles
a, ¢, 6, and 6’. It must be noted that the angle
a assumes values from 0 to m and, in addition,
we assume an isotropic distribution of the u-
meson momenta in space. To take this factor into
account we must multiply the entire distribution
by sin a:

dN = const-[1 4 a(cos 6 cos « + sinb sin a cos )] sin « da dQ,

where dQ = sin 6 d6 d¢. Here the angles « and
60 vary from 0 to m. Integrating over 6 and «
we get

ALIKHANIAN, KIRILLOV-URGIUMOYV,
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sinasin 6 df do = 4;

cos 6 cos « sin 6 sin « df da = 0;

o3 Q13
Se 31 Ce——214

Ll
acosy% sin 8 sin « sin 6 sin o d6 dx = (ax?/ 4) cos o,
0

Ce—~—34

i.e.,

dN ~ [1 4 (ax?/16) cos o] do.
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