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ABSTRACT:

WHAT IS THE SPIN OF THE PION?

W.A. Perkins

University of California, Lawrence Berkeley Laboratory

Berkeley, California

(Recibido: enero 28, 1974)

Although it is generally believed that the pion is a spin-zero
particle and therefore spherically symmetric, there is a group
of experiments which strongly indicate that the distribution of
muons from -y decay at rest is not isotropic. The spin-zero
assignment for the charged pion is based on interpretation of
another group of experiments. In this paper we have attempted
to resolve this paradox by forming a model of the pion which
can satisfy both groups of experiments. The model consists
of a composite pion formed of two massless spin-l/z particles.
This composite pion is a vector particle and like the photon
it does not exist in all three m_ states; this composite pion

exists only in the m = 0 state. This crude model satisfies

the results of both groups of experiments, but is deficient in
that only a massless pion has been constructed so far. However,
the model does predict experimental results which could: prove
conclusively that the pion has spin. The argument showing that
the neutral pion has zero spin is re-examined, and it is shown
that a different assumption regarding the statistics of the photon

0 - : :
could allow the 7" to be a vector particle that decays into two
photons.
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INTRODUCTION

As the title suggests, the question to be discussed in this paper is:
What is the spin of the pion? There is a group of experiments'” dating back
to 1950 which indicate an asymmetry in the angular distribution of muons in
the 7 - decay at rest. We will call these Group 1 experiments. There is a
second group of experiments® '? (we call these Group 2) whose results are
consistent with no asymmetry in the 7=t decay. Then there is a third group
of experiments (which we designate as Group 3) which consist of: (1) the de-

.15 . : ; + ;
s involving the reaction p+ p— 7" + d and its

tailed-balance experiments
inverse, (2) an experiment'® showing small or zero magnetic moment for the

, (3) the observed predominance of the 7 -y decay mode over the 77-e decay
mode "’ ¥ and the polarization of the muon from 7 decay’ . (One might include the
observed decay of the 77° into two photons in this third group, but we shall discuss
the spin of the 77° separately in Sec. III).

1,4

In some of the experiments in Group 1 the chance of a statistical

fluctuation causing the observed asymmetry is less than 1 in 100 and in others® ¥ °
it is less than 1 in 1000. With this same result occurring in several experi-
ments there appears to be little chance of explaining the results of Group 1 by
some wild statistical fluctuation. Systematic errors must be considered next
and Hulubei and co-workers? have done a good job of this. Thus the experi-
ments of Group 1 strongly indicate that the observed asymmetry in the 77=u decay
is a genuine effect.

The experimental evidence of Group 2 (indicating no asymmetry in 7=
decay) is much weaker than the evidence of Group 1. If one assumes that the
pion beams were only slightly polarized or unpolarized due to production con-
ditions,? 2° most of these experiments are not in contradiction with the results
of Group 1. (One experiment’ was done with emulsions from the same stack
as one used by Hulubei et a/.? and this argument does not apply for that case.)
Some of the earlier negative results® were reanalized by Hulubei et a/.? showing
that “several authors, yielding to general opinion, have formulated negartive
conclusions in spite of their positive results.” The electronic counter experi-
ments of Crewe et al.” are not in disagreement with the results of Group 1 since
they only looked for transverse polarization while the results of Gmup 1 indicate
longitudinal polarization. The only other counter experiment!® showed a slight
effect, which the authors chose to eliminate in their final result by an intéresting
averaging technique.

Therefore, we shall disregard the results of Group 2. The experimental
results of Group 3 appear solid and beyond reproach.

Next, the question arises: Can the results of Group 1 be reconciled
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TABLE 1

Summary of Group 1 and Group 3 experimental results

Group 1.

The spin of the charged pion is non-zero. (This follows from the
observed asymmetry in 77— decay if the spin is defined in terms of rotational
invariance of the system.)

(a) The pion tends to be produced with longitudinal polarization in
the direction of the proton beam from which it is produced.’ 7"

(b) The magnetic moment of the pion vanishes to first order." ®

Group 3.

If the pion is a simple (unstructured) particle, it must have spin zero.
If the pion has non-zero spin it must be a composite particle which exists
only in the m_ = 0 spin state.

(a) The detailed-balance experimentsm'ls involving studies of the

reaction

p¥ pomttd

and its inverse show that either:
(1) the spin of the pion is zero, or

(2) the pions are completely polarized in the production process
which can only occur in the m, = 0 state, or

(3) the pions only exist in the m_= 0 spin state.
(b) The magnetic moment of the pion vanishes to first order.'

(c) The pion has spin zero or it exists only in the m_ = 0 spin state. 17, 18

with the results of Group 3?7 A few attcmpts21 23 have been made by assuming
that a new particle with spin but mass degenerate with that of the pion is
contaminating the pion beam and causing the observed effect. Simple models

- ] . . - .
of this type?! have been shown!” ' to fail since they would predict that this
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new particle should decay via the electron mode about as often as the muon
mode. Also, as pointed out in Ref. 21 the muons from the decay of these
pion-like particles (in the spin state m_ = +1 or -=1) would be polarized in
the opposite direction to those from pion decay. (This assumes that the
neutrino has the same helicity as in ordinary 7=t decay.) If their argument
is correct, this polarization should alter the electron distribution from i -¢
decay, which it apparently does not.” It is possible that some complex
model? for these pion-like particles may circumvent these problems.

In this paper we are going to take the point of view that the results
of Group 1 and Group 3 are not in contradiction, but are caused by some un-
expected property of the pion. If one took the results of Group 1 to imply
that the pion has spin 1 and the results of Group 3 to imply that the pion has
zero spin, then the results of the different experiments are obviously contra-
dictory. However, there is some theoretical analysis involved in going from
these experimental results to the conclusions about spin. By the definition

of Spin25

concerning the transformation properties under rotation, one can
conclude that the results of Group 1 imply that the pion has non-zero spin.
We shall argue that the Group 3 experimental results do not prove that the
pion has zero spin.

The experimental results of the first and third groups are listed in
Table 1. In listing these results we have made some interpretations of the
experiments. Combining the results in Table I, we are led to the conclusion
that the charged pion has spin and exists only in the m = 0 spin state. The
problem of how a particle can exist only in the m_= 0 spin state is solved in
Appendix A for a particle with zero mass. From our present results one can
make definite predictions of experiments which (if that theory is correct) will
establish beyond doubt that the pion has spin.

II. PROBLEM OF SPIN-1 PARTICLE EXISTING ONLY IN m.= 0 STATE

We shall consider a model in which the pion has spin 1. (From its
interaction with other particles it can be determined that its spin must be
integral.) If the pion is a simple unstructured particle, it could not exist
only in the m_= 0 spin state. It could be formed only in the m_= 0 state in
the production process and this would explain the detailed-balance experi-
ments'* " as noted by Durbin et a/.!? However, by superposition of states
along different axes in the rest frame of the particle, one can form states of

m_= t1. Therefore, complete polarization in the production process cannot
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® and, more importantly, the ob-

explain the absence of a magnetic moment’
served ration of 7= to 77-¢ decay.!” 18
The same type of calculation, which shows how an m_= 11 state
can be formed by a superposition of m, = 0 states, can be used to show that
and m_= 0 state can be formed from an m,=%1orm =<1 state. These
arguments break down for a massless particle. An integral-spin massless
particle can exist in the m_= t1 spin states only; it cannot be transformed

Fme . 1 . “
- Similarly, a massless spin-% particle can exist

to anm = 0 spin state.
only in the m =+ % or m = -% state.” By combining two massless spin=-%
particles one can form a massless particle which exists only in the m, = 0
state. Just as a massless particle with m = % or =% along its direction of
propagation is a relativistically invariant concept, a composite particle
(formed of two massless spin-% particles) with m_ = 0 along its direction of
propagation is a relativistically invariant concept (see Appendix A) .

Thus from considerations of relativistic invariance we have been led
to a model in which the pion is formed of mass/ess fermions. Indications
that one should think in terms of massless fermions as constituents of the
pion come also from the analogy of the photon and pion. The pion was origi-
nally conceived® in analogy with the photon, and it is significant that the
photon does not exist in all three m_ states, since we want a pion which exists
in one instead of three mg states. If either the photon or pion is a composite
particle, we would expect the other to be a composite particle from the analogy.
If we assume that the photon is a composite particle composed of a neutrino-

antineutrino pairzg

as de Broglie suggested years ago, by analogy one might
expect the pion to be a composite particle formed of a neutrino-antineutrino
pair. (If the pion were composed of a nucleon-antinucleon pair, then by analogy
one would be tempted to conclude that the photon should be composed of an
electron-positron pair.)

In Appendix A a massless particle is formed by combining neutrino-
antineutrino states. The method is identical to that used to formulate a

neutrino theory of photonsm' e

except we require the component of spin along
the direction of propagation to be zero instead of + 1. The composite particle
so formed is described by a four-vector and is longitudinally polarized whereas
the photon is transversely polarized. The crude theory has a glaring deficiency
in that it does not account for the pion’s rest mass. There have been a number
of papers on massless pions (see, for example, Refs. 31-33) and it seems to
be a useful concept for doing calculations. Our massless pion model does
predict a vector particle existing only in the m_= 0 spin state, and such a
concept is relativistically invariant for a massless particle. If this model
were extended by starting with two massive fermions, ** % the resulting com-
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posite particle could not exist only in the m_= 0 spin state. Thus, we must consider
that the pion is composed of particles with zero mass in order to maintain relativistic
invariance of the m_= 0 spin state. We do not go into the interaction that
gives rise to the pion mass in this paper. How mass might arise from the

interaction of massless particles has been summarized elsewhere.®

III. SPIN OF THE NEUTRAL PION

The experimental evidence'"” indicating that the pion has spin in-
volves only the charged pions. Thus one could consider the 7t and 77 1o
have spin 1 with the 7 as an unrelated particle with spin zero.

However, in any consistent theory it seems essential that the neutral
and charged pions have the same spin. Therefore, in this section we shall
consider the question: Can a spin-1 particle decay into two photons? Ir will
be shown that the standard proof that a spin-=1 particle cannot decay into two
photons is based on an assumption which we think is questionable. If this
assumption is wrong then a spin-1 particle can decay into two photons.

In the decay process the transformation properties of the final state

d¥*' that there

must be the same as the initial state, and it has been argue
is no state of two photons which transforms under rotation as a spin-1 particle.
Further, it might be argued that a fermion-antifermion system in an m_= 0
state could not decay into two photons without violating C-invariance.*1 "%
This follows from the argument that a state of two };hotons cannot change
sign under charge conjugation while the state of such a composite vector
particle does change sign [ see Eq. (A41)].

For our particular model the initial particle (see Sec. II) has the
magnetic quantum number m_= 0 with respect to, say, the z axis and transforms
like a vector along the z axis. Therefore, the question reduces to: Is there
a state of two photons of the same helicity (both right-handed or both left-
handed) emitted in opposite directions which transforms as a vector pointing
along the axis of emission?

The state of two photons can be described in terms of three vectors:
the complex polarization vectors of the two photons € and €5 and the rela-
tive momentum vector pn = 4.~ 4, = 2_q1 = -2q,, as was pointed out by
Wolfenstein and Ravenhall.*! Also, since the polarization vectors are directly
connected with the photon creation operdtors which act on the vacuum state
and since each creation operator acts once, the expression for the state must

be bilinear in €, and €,-
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Two spherically symmetric states are:

e, (n)* €,(=n) f(p) (1)
and

[emxe,(=m]-nf(p). (2)
A vector state 1s

[€, (n)xe,(=m)] f(p) = inf(p), (3)

where we have fixed the relative phases so that €,(-n)= E: (n).

Thus, we can form a vector state of two photons which transforms
like a spin-1 particle in the m = 0 state. However, this vector state is
antisymmetric under an interchange of the two photons (pn = = pn). Up to
this point we are in agreement with the standard argument. On the assumption
that the photon is an exact Bose particle, it is argued that a state of two
photons must be symmetric under interchange.

Planck’s distribution is usually cited as direct evidence for exact
Bose statistics for the photon. However, a recent paper has shown? that a
composite photon formed of a neutrino-antineutrino pair could satisfy the ex-
perimental results with regard to Planck’s law. These composite photons
are approximate bosons in the same sense that a deuteron is an approximate
boson. Unlike true bosons or fermions the states of these composite particles
contain both terms which are symmetric and asymmetric under interchange.

We shall not use the approximate “principle of persistence of statistics”*
which assumes that the state of two composite particles can be represented
by two composite particle creation operators acting on the vacuum. The
wavefunction for such a state would not have the correct symmetry properties
for the constituent fermions.

Considering the state of two photons to be a state of two neutrinos
and two antineutrinos,

|y172> =jdk]dk2dqldq2ar('/2q1— k) CT(I/NH tky) “T('/zqg ~k;) CT('/ng tk,)x

% [(q,, 9,k k0>, (4)
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T i

spectively. We shall neglect spin for the moment. We take

where @' and ¢! are creation operators for a neutrino and antineutrino re-

f("'qu"QQ,‘kP'k'z):f(ql,qz,kl;kl)- (5)
The wavefuncrion for this state is

F(qvl,n:;z,l(l,nft2 ) = <0]c‘(%q2+k2)a(% qz-kz)c('fgql‘l'kl)a('/gql-kl)l’)/l’}/2>.

(6)

From Eqs. (4) and (6) and the use of the fermion anticommutation relations
we obtain

Fa .9y k k) = [lq,, 95,k k) +/(q,, 9o ky k)= fl%(q +q,)+
tho-ky, (a1 q) th-k, hig-q)+ Bkt k), %(ay-q,) 5k k)] -
- /l%(q,+ q) thy-k ,%(qtq) tk -k, 4(q,-q)t
+'/2(k1+k2),‘/4(q1—q2)+'/g(k1+k2)]. (7)

From Eq. (4) we can see that F(q,, q2,k1,k2) is properly antisymmetrized
with respect to exchange of identical fermions. However, it contains both
symmetric and antisymmetric terms with respect to exchange of the composite
photons. (These considerations are similar to those of Erhenfest and
Oppenheimer* for composite electron-proton systems.) We have

Py 90 k0 k) = Fo(a,, 0, ko k) ¥ Ey (), 0,k k) L (8)
where

Fs al9 a5 k. k) = % [F(q,, q,, ki, k) F(q,, 3,k ,k)].

(9)
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Note that the antisymmetric wavefunction does not vanish for two
non -overlapping composite particles. Wavefunction overlap at the time of
formation is important in determining the probabiliry of the composite particles
being in the antisymmetric state, but not for the existence of an antisymmetric
state.

From Eqs. (5) and (7),
P‘(_ql?'—q27'k1a_k2):F(q1? qz’k15k2) 4 (10)

Now we shall let Yr and Y represent right and left circularly polarized
photons respectively. The creation operators a;r and az refer to positive
energy neutrino states with spin parallel and antiparalle! to their momentum
respectively. The creation operators ¢, and C; refer to the antiparticles
with spin antiparallel and parallel to their momentum respectively.

Now consider the two-photon state:

| Yo Yo~ % %>

= Jdkdk, dq,dq, [a] Csq - k) c] (sq, k) al (5q,-k) ] (5, + k) -
-4} Usq - k) o] Giq t k) af (5q,-k,) cf (g +k )] x

x F(q,, 9,k , k)| 0> (11)

Using Eqs. (A27) -(A30) and Eq. (10), we obtain the transformation
properties of this state under parity:

P,')’R')’R" hh” == | D0l | B Rl (12)

Under charge conjugation [ see Eqs. (A31) -(A34)] this two-photon
state transforms so that
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| YeVr= >
::jdkidkquldqz[at(%q1'k1)Cl(%q1+k1)aI(%qz'kz)cg(%q2+k2)'

- Csq,-k) cf (sq, k) b Cq,- k) f i, t k)] x

%]

x Flq,, q,, k k)| 0>, (13)
where we have used the fact that

F(ql, qz,'kl,'kz) =F(ql,'q2=k1,k2) :F(q21 qlakI?RQ):

(14)
which in turn follows from Eq. (10) and q,= - q,. Thus from Egs. (9) and
(13) we see that the symmetric and antisymmetric terms transform differently
nnder C,

Clde=7mnis = Y%7 (15)
and

Clyrm= 7 = = [ Y= - (16)

Summarizing, we have shown that if the photon is a composite particle (com-
posed of a fermion and an antifermion), then the state of two photons contains
an antisymmetric term as well as a symmetric term [see Eqgs. (8) and (11)] .
Further, this antisymmetric part changes sign under charge conjugation [ see
Eq. (16)] . Thus, if our assumption that the photon is a composite particle
is correct, then there is a state of two photons which transforms as a vector
and this two-photon state has the same transformation properties as our
vector particle under parity and charge conjugation. [Compare Eqs. (12)
and (16) with (A40) and (A41).]

The antisymmetric decay matrix element is comparable with the sym-
metric one since there is a significant overlap of the photon wavefunctions
because A_ (= 25 /m_nc) >A,(=h/m_c). Thus the ratio of the antisymmetric
two-photon decay to the symmetric three-photon decay is governed mainly-
by phase-space considerations (see Sec. IV).
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The experimental observation that the spin=l state of positrontuin
decays predominately by the three photon decay mode is not in contradiction
with the above theory. For positronium the antisymmetric decay matrix
element is small compared with the symmetric one since the overlap of the

-3
photon wavefunctions is very small. Here ()\,},/?\p )3 x [(b/mec)/(ZaBohr)] X107

IV. EXPERIMENTAL IMPLICATIONS

fiven in its crude formulation this theoty gives predictions of rela-
tively simple experiments which can conclusively test this model. The
previous experiments'™” have lacked conclusive proof that the pion has spin,
because they did not involve variation of some parameter which caused the
observed polarization to change in a prescribed manner. For example, the
one experiment of Garwin et @." was sufficient to prove an asymmetry in
the 1-e decay, because they could vary one parameter (the strength of the
magnetic field) and show a predicted systematic variation in the observed
effects. There are such parameters in the 7=/ decay, as we shall now
discuss.

According to the model, pions would exist only in the m_= 0 spin
state and thus they would be longitudinally polarized. The longitudinal
polarization would lead to forward-backward asymmetries only and indeed
this agrees with the observed asymmetries of muons in 77=i. decay from pions

o ¥
T and in T decayf’ .

produced in nucleon-nucleon collisions Actually, the
longitudinal polarization applies only to the center-of-mass system in which
the pion is emitted. Although all pions would be in the m = 0 state, the
beams may not be completely polarized in the sense that the axis along which
mg = 0 may not be the same for all the pions. (In visualizing this m_ = 0
axis one can think of the axis along which the neutrino and antineutrino spins
are oriented in the pion rest frame.) Amagnetic field changes the direction
of the pion’s momentum but not the direction of its polarization, since the
pion has no magnetic moment. Therefore, in the laboratory system it should
be possible by use of a magnetic field to form a beam of pions that are polar-
ized at any desired angle with respect to their momentum.

Thus, in producing polarized pions, the pions should undergo small
or nearly equal deflections by the magnetic ficld. Therefore, production
outside the cyclotron or synchrotron field in a hydrogen or hydrogen-rich
target with forward emission seems preferable. (This was noted as being
important by Hulubei et @/.>’? ). With forward emission the polarization
vector will be parallel to the pion momentum.
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To be specific, we shall list three experiments — any of which can
prove that tiie charged picn has spin = and a fourth experiment to test the
spin of the neutral pion.

: . : T ¥ 1
1) Emulsion experiment. Toke the 77 beam produced in the manner
described above and stop it in an emulsion. From previous experimental re-

sults, one should observe a muon angular distribution of the form

I,u:l'fa cos &, {17

where @ is the angle between the pion and mucn momentum and 50 ~ 0.1%5
from experiment. In the coordinate system in which pion mon entum and
polarization is along the z_axis, the muon distribution [Eq. (17)] bas the

(0
form

[}
-2

_ T B
Ig_1-§020(x0+)0+20) . (18)

If one bends the pion beam by an angle ¢ in a magnetic field before it enters
the emulsion, this has the same effect as observing the distribution in a coordi-
nate system that is rotated by ¢ from the (x,¥, z,) system. If we rotate about
the x axis (i.c., put the %, axis along the direction of the magnetic field),
then the new coordinate system is related to the old system by

=8 .
Yy TYycos @tz sing, (19)

2, ==),singtz cos g,

and the muon distribution in the new coordinate system becomes [ from Egs.

(18) and (19)] ,

=
I# = l-fg(z1 cos @ ty sin c,o)(.v:l2 +y12 + zf) ° (20)

By varying ¢ one can check Eq. (20). This will thus give systematic
variation of the direction of polarization versus the direction of the pion’s
momentum.
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7)Y Experiment using a ji-e analyzer. Using the production conditions
noted above, repeat the counter experiment of Ref. 10, Let @ be the angle
through which the muon precesses in \f seconds = (ut/sFYH . 1f the mag-
netic field is aligned with the direction of polarization (z, axis), then the
magnetic ficld will cause the coordinates of the muon direction (xa 2 ¥y s zD) to

change to (x .,y , 2 ) in At seconds, where

1

x, =T, COS (90 +w) ,
¥ = sin (30 + w) , (21)
z, =z .

Since Eq. (18) is invariant under the transformation of Eq. (21), the anguiar
distribution of muon spins is not changed by precession with the magnetic
field along the axis of the pion polarization. Thereby the electron distri-
bution from the muon decay will not be affected for this direction of the mag-
netic field.

We next consider the case with the magnetic field perpendicular to
the axis of pion polarization. The coordinate system (,\r1 , yl,zl) is now taken
such that thc muon momentum is along the z axis:

X = X COSG.+y0 sin @ ,

b
I

- x,sina cosfS+y cosacosB+tz sinf, (22)

zZ =X sina smﬁ-yo cosasinf8+ z, cos 3,

where @ and B are the Euler angles. If we put the magnetic field along the
¥, axis, this will cause a precession of the muon’s spin by an angle @ around
the y, axis. This aligns the muon spin along the z, axis, where

- xo(smﬁ cos @ sin @ + cos B sin c;))—y0 sinf cos a +
+ zo(cosﬂ cos &= sin 3 sin w sin a) . (23)

The distribution of electrons from the decay of muons with spin along
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z, has the form!®

I =l-§lc0552 : (24)

€

where §1 =Y and
2 D 2,-%
cos 0, =z, (x) ty +2,)° . (25)

Weighing this electron distribution with the muon angular distribution, we ob-
tain

2m m

I, = (1/2w2)fadafodﬁ(1 =&, cos B)(1- £, cos 2.3 . (26)

Substitution of Eqs. (23) and (25) into (26) results in

iz
=1 '/zfo.fl(zo cos @ *x_ sin w)(xg + y02 + zg 1A (27)

Thus, this experiment with the magnetic field perpendicular to the
axis of pion polarization and the detectors in x,= z, plane should show a
systematic variation with magnetic field strength as in the experiments of

Ref. 19.

3) Pion scattering experiment. This is an experiment to look for a
left-right asymmetry in pion scattering (see Ref. 9). The important point is
that the pion must be bent through 90° by a magnetic field so that the axis
of polarization is perpendicular to the pion’s momentum. By bending the
pions in the other direction by 90°, one can reverse the direction of the
pion’s polarization and the sign of the left-right scattering asymmetry. With
the pion’s polarization axis perpendicular to its momentum one can also look
for a lefteright asymmetry in the 7= decay in flight (see Ref. 9). The muon
distribution should have the form of Eq.(20) with ¢ =90°, z, along the
pion mementum after bending, and y, along the pion momentum before bending,

4) Decay modes of neutral pion. An experimental test of the spin of
the neutral pion can be achieved by looking for the three photon decay mode.
If we take the antisymmetric and symmetric decay matrix elements to be
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equal (see Sec. III) then the ratio of decay rates is given® by the phase-
space factor times a for one order higher in electromagnetic interactions

. 3
R = L @°=3y) o /1841 (1 j137) e 2 10°°. (28)
D(n®-2y) 1/167

The bubble chamber experiment of Clince and Dowd*® shows that R < 4 x 167,
The counter experiments of Kutin ef a!.* and Duclos et al.*® showing
R<5x10" are not applicable since they used a special counter distribution
and assumed Bose statistics in the determination of R,

Thus one can test this theory by locking for the three photon decay
mode with a detection arrangement that is not so sensitive to the angular distri-

butior of the three photons as used previously*”** and which can test for
&5
R~ 2x107.

V. DISCUSSION

The experimental evidence indicating that the distribution of muons
from 7= decay at rest in not isotropic'~’ appears to be in direct conflict
with other experiments'®~*® which are interpreted to indicate that the pion
has zero spin. Some attempts?~?* to reconcile these apparently conflicting
experimental observations have been made by assuming a new particle with
spin is causing the observed asymmetry effects. Simple models of this type
have not been very successful, as discussed in Sec. I. In this paper we
tried to develop a model of the pion which could satisfy both groups of experi-
ments.'"7 13719 In this model the pion is envisaged as a composite spin-1
particle which exists only in the m = 0 state. This model is successful in
explaining the longitudinal polarization and small (or zero) magnetic moment
observed in the 7= decay asymmetric experiments. It can also explain the
13-15

detailed-balance experiments, the other magnetic moment expt:rimt:nt,16

the observed ratio of the 7=i decay mode to the 7=¢ decay mode, " and the
polarization of the muon from 77=decay'®. The model is incomplete in that we
have only considered a massless composite particle. However, even this
crude model does have some definite experimental predictions which (if the
theory is correct) should lead to conclusive proof that the pion has spin.
Three such experiments are discussed in Sec. IV.

If these experiments show that the charged pion has spin, one will
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ask next if the neutral pion has spin. Evidence that the neutral pion has
spin zero is based on a calculation®-*! showing that a spin-1 particie canno:

decay into two photons. This calculation is based in tum on the assumption

that the photon is an exact boson and that two photons cannot exist in an
antisymmetric state. We think that this assumption may be wrong since the
only direct evidence of the statistics of the photon (blackbody-radiation ex-
periments) can be satisfied if the photon is an approximate boson. >

The composite, massless, vector particle constructed in Appendix A
does not obey exact Bose statistics. This feature will certainly carry over
to a theory of the pion with mass. In fact all of the theories®* ¥ iy which
the pion is envisioned as a composite particle formed of two or more fermions
lead to non-Bose statistics.* 450 T}, evidence of Bose statistics for the
Pion is even weaker than that of the photon. Tt was believed > 52 a¢ one time
that the absence of decay Kg ~ 7t + 77 was evidence for Bose statistics
for the pion (Bose statistics require that the final state be symmetric under
interchange of the two pions). Bose statistics plus CP invariance ruled out
this decay mode. Since this decay mode has been observedS® there is no
evidence requiring exact Bose statistics for the pion. The non-Bose nature
of these composite particles will only become apparent when there is an
overlap of their constituent fermion wavefunctions.  The study of decay -modes
in which these composite particles must be in an antisymmetric state could
test the statistics of the pion and photon. The recent observation® that
(pp) annihilates into two pions could be evidence of non-Bose statistics of
the pion if the (pp) system is in an § state.

It has been proposed that weak interactions are mediated by a vector
T TR (N pion is a vector particle, it would be a possible candidarte
for the intermediate vector meson since it fulfills many of the requirements,
such as its decays (mf—et + V. and 7’:rt‘*,u,t ¥ V#) and its appearance as a real
particle in decays where this is energetically possible.

Finally, it may appear that there are regions in particle physics in
which a pion with spin would imply disagreement with well established re-
sults, for example nuclear forces, current algebra + PCAC and others. The
relevant point is that by the construction of the spin-1 pion in this paper,
only the m. = 0 component of the pion field exists and is therefore pertinent
to these phenomena. Thus the spin manifests irself only in certain decays,
as discussed in Section II. For example, the PCAC result relates the di-
vergence a‘uA of the axial vector current to the asymptotic pion field ¢, BL;AH g,
This relation would remain unmodified in the formulation of this paper, except
that ¢ would have to be interpreted as the pion field whose particle interpre-
tation leads to the longitudinally polarized particle.
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APPENDIX A
Construction of mg = 0 Field from Neutrino Field

We will use the representation with

o 0 o 0
0 o 0 -0
0 o 0 1 -1 0
yZi( )")Q:( ) ,'}’52717273742( )
-g 0 1 0 0 1

(A.1)
The Dirac equation form = 0 is
V=0 (A.2)
Letting
Y=Uin) exp(i(p +x-pt) , (A.3)
we obtain four normalized solutions for U for positive n(= p/p):
1
7 .
e = [heng | W Bl Fag ) (A.4)
0

0
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(-nl+in )/(1+n3)

2
l/
U3 e = (50 +n)]° ! ) (A.5)
0
0
0
% 0
vt =[50 +n))
1 (n [% n, o 50, P, ; (A.G)
1 2 3
1
0
% 0
Ut = (5 +n)] _ (A7)
1

(n * :'rz2)/(1 tn,)

The subscript on U refers to spin state while the superscript refers to energy

state. Thus, the helicity operator
S=o+n=(1/p )Y, 70, T VY, 0tV Vo 23) (A.8)

has eigenvalues of +1 for the spinors of (A.4) and (A.7) and -1 for the
spinors of (A.5) and (A.6). Similarly the energy operator (W =a *n) has
eigenvalues of +1 for (A.4) and (A.6) and -1 for (A.5) and (A 7=

For negative momentum (- n) we obtain the relations
G - ny =iy T

i 1
UZ, (-n) = U:l (n) ,

+1 -1

1 (_ n) = U+L (n) 3

-m=utw . (A.9)
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As mentioned in Sec. Il we will use the notation that v, is the neutrino
(positive energy state) with spin parallel to its momentum and v, is the
neutrino (positive energy state) with spin antiparallel to its momentum. Let
al(k, n), cl(k,n), a2(lz,n), and c¢_(k,n) be the annihilation operators with

v

momentum kn for v/, '171 , V,, and v, respectively. Then, the general neutrino

field in terms of particles and antiparticles (not holes) is
U(x,0) = [k [a,(k,n) US} (n) exp((itk = x - k0) +
+ el m Uz (-n) exp (= itk -x - kD) +
+a,(k,n) UX] (n) exp (i(k*x- kD) +
+cl,m Uun (-n)exp(-itkx-kn)] (A.10)

where t is used to designate Hermitian conjugate.”
We define annihilation operators for the composite m_ = 0 particle in
terms of neutrino operators. The two different operators are analogous to the

right (m_ = +1) and left (mg = -1) circularly-polarized-photon operators,
but here they both have m_= 0,
Np,m = kgl k) c,(|5p-k|,-n)a,([5p+k], n)+
/2
p/2
+[ akdTye (|5p+hl,ma ([5p-k],n)+
-p/2
[ dkgpth)c (15pth|,mray|ip-k], - (A.11)
p/2

and
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L, 5 =fmdkng(k)cl(,’/zp—kl,-n)az(,'/gp*'kl,n) +

v/2
p/2
tf akd' @ e,([5ptk|niay(|%p-k,m) +
-p/2
+ L' @ cy(5p+h|,n)a (|5p-k],-n) | (A.12)
p/2

where @ (k) is as yet an unspecified function of &.
Processes such as emission and absorption of this composite particle
would be represented by the interaction Hamiltonian

_ t t . .. ;
H, = const. (g/JnOint\,l; )(K,[J_Oim l,bv) * Hermitian conjugate,
v

(A.13)

or we can introduce Vim by
t P
H, = const. (ybn oimx,bn) Vi (A.14)

Comparing Eqs. (A.9), (A.10), and (A.11) » one notes that the spinor
combinations. that go along with A(p,n) of Eq. (A.11) are of the form

= gl +1
[vy, ™I o, vl ,
t
(vt ) o vl @), (A.15)
[U+1( f =1
*1 ﬂ)] O U+1 (n) -

it

The possible choices for Oint are
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Og =7, »
0= %7,

Op =5%, Y3V~ 07N

Oy =Y W% »

(A.16)

Op =9LY, s

The only non-vanishing terms resulting from substituting Eq. (A.16) into
Eq. (A.15) can be put in the form

[U::(n)]Y’)f"y};U::(n) . (A.17)
Similarly, for {(p,n) of Eq. (11) we have only terms of the form
[t (n)]Tyﬂ'Ujl‘ (n) . (A.18)
I
For convenience let
u(n) = U:ll(n)

and

v(n) = U (n) . (A.19)

It should be noted that u(n) and v(n) refer to positive energy states with spin
parallel and antiparallel to the direction of propagation respectively as

Su(n) = u(n), Svin) = -vin) . (A.20)

Combining Eqs. (A.11), (A.12), (A.17), and (A.18), we obtain for

V. the four-vector
int
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‘L' = const._!)-mcz’;:.lptl2 {[/\(p,n)uT(n) ’)/4’yuu(‘n) +
+ Q(p,n)uf(n) ’)f")’“v(n)] exp (i (p 'x-pt)) =

(A, mal (n) Y, un) + éT(p,n)uT (n) -y‘y};v(n)] exp(=i(p-x=pt)} .

(A.21)

We see that V and <}5V= =iV, are real as VT =V, and <75:/= c,bv :
From Eqs. (A.1), (A.4), (A.6), and (A.19), we obtain

iu'(n) 74’)/#u(n) =iv'(n) ’y{y#v(n) =n

and

w(n) %, 7,u(n) = v (n) ,y,v(n) = 1 . (A.22)

From Eq. (A.22) we thus sec that the particle described by these
fields is longitudinally polarized, whereas the photon is transversely polar-
ized.%’

The field equations for this composite particle are (see Appendix A
of ref. 30 for the method of derivation):

V-v +(a<;bv/a:) =0 (A.23)
Vxvy =0, (A.24)
(aV/3p) NG, =18 . (A.25)

Combining Eqs. (A.23)=(A.25) results in

OV =0, (A.206)

showing that this particle is massless.
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We now inquire about the transformation of V# under parity P, charge
conjugation C, and rotations about n operations.
The parity operator was defined®® such that

Pa (k,n) P = €,a,(k,=n) (A.27)
Pa,(k,n) P~ = €,a,(k,=n) (A.28)
Pc,(k,n) P~ = e5c (k,=n) , (A.29)
Pe,(k,m) P™ = erc (k,=n) (A.30)

and the charge conjugation operator such that

Ca, (k,n) c' = €.c, (k,n) , (A.31)
Ca,(k,n) C™ = €. (k,n) , (A.32)
Cc kyn) €' = € a,(k,n) , (A.33)
Cc,(k,n) C™ = €.a (k,n) . (A.34)

The transformation of A(p,n) of Eq. (A.11} is

PA(p,n) P"' =fmdk¢>T(k)Pc2( |%p <k|,-m) P 'Pa(|5p+k]|,m P+

p/2
p/2
+ [ arptkyPe (|5p+k |, mP'Pa (|5p-k],mpP"+
-p/2

t [Cakd R Pe (|5p+h|,mPPa(|5p=k],-n)P™' . (A.39)
p/ 1 2
2
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By use of Eqs. (A.27)=(A.30) we obtain
PAX(p,n) P = Lp,=n) . (A.36)

In a similar manner, the transformation equations for the other oper-
ators are obtained:

PLip,n) P~ = N(p,=n) , (A.37)
CA(p,n)C' = =Lip,n) , (A.38)
Cclip,n) C'= =A(p,n) . (A.39)

Operating on Eq. (A.21) then results in

P‘L(x,t)P'l:-lL(- x,1) (A.40)

and

Il

CV, (x,9) ¢l = - v, (x,1) . (A.41)

Under a rotation of the coordinate system through an angle & about n,
the composite particle operators transform so that

RoA(p,n) Ry

Ap,n) , (A.42)

Ry L(p,n) R

Il

Lip,n) , (A.43)

as expected for a particle with the m. = 0 along n.
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RESUMEN

Aunque generalmente se cree que el pion es una particula con espin
cero y por lo tanto esféricamente simétrica, hay un grupo de experimentos
que indican fuertemente que la distribucion de muones del decaimiento 7-u
en reposo, no es isotrépico. La asignacion de espin cero al pion cargado se
basa en la interpretacion de otro grupo de experimentos. En este articulo
hemos tratado de resolver esta paradoja formando un modelo del pion que pue-
de satisfacer ambos grupos de experimentos. El modelo consiste de un pion
compuesto, formado de dos particulas sin masa con espin % . Este pion com-
puesto es una particula vectorial y, como el foton, no existe en los tres es-
tados m; existe solo en el estadom = 0. Este crudo modelo satisface los
resultados de ambos grupos de experimentos, pero es deficiente en cuanto a
que sélo un pion sin masa se ha desarrollado hasta ahora. Sin embargo, el
modelo predice resultados experimentales que podrian probar conclusivamen-
te que el pion tiene espin. Se reexamina el argumento que muestra que el
pion neutral tiene espin cero, y se muestra que una suposicion diferente res-
pecto a las estadisticas del foton podrian permitir que el 77° sea una particu-
la vectorial que decae en dos fotones.



