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A symmetry, applicable to the pn system, called “beam-target reversal symmetry,” is derived from the
conservation of G parity and is tested using data from an in-flight pd bubble-chamber exposure. Beam-
target reversal symmetry predicts that for pn interactions, both inclusive and exclusive, all reaction products
which are eigenstates of G parity have forward-backward—symmetric angular distributions in the center-of-
mass frame. The prediction is consistent with experimental event distributions presented.

I. INTRODUCTION

The G-parity operation, invented by Lee and
Yang,'"3 is well known, and conservation of G par-
ity in the strong interaction is customarily as-
sumed. However, as for other hadronic symme-
tries such as SU(2), tests of G-parity conserva-
tion have been limited predominantly to low ener-
gies and to exclusive processes, for example, p
- 31 decay.*

In this paper we apply the hypothesis of G-parity
conservation to a particular system: the antipro-
ton-neutron interaction in flight. We find some
readily testable predictions which apply at all en-
ergies, some of them inclusively, and which, to
our knowledge, have not been pointed out before.
Further, we present experimental evidence which
is consistent with such predictions.

In Sec. II of this paper we develop the theoretical
consequences of G-parity conservation applied to
the pn system. The major prediction is the for-
ward-backward symmetry in the center-of-mass
frame of those final-state mesons that are eigen-
states of G parity. In Sec. III the predictions of
beam-target reversal symmetry are compared
with our experimental data, and in Sec. IV we draw
the conclusion that such a symmetry, and hence
G -parity conservation, is supported by this experi-
ment. In addition, we discuss briefly the conse-
quences of G-parity conservation for K mesons,
as well as some SU(3) generalizations of G parity
that could be tested if =~ or possibly =* beams
become available.

II. THEORY

Consider the scattering of antiproton and neutron
into a final state f, and let

(fIS|B(a),n®)) 1

denote the scattering matrix element, where the
labels a,b are composite indices specifying both
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momentum and helicity. The G-parity operation®
applied to the initial state yields

G|p(a),n(®)) =n(a), p(®) )

from which we note that, apart from an interchange
of helicities, the roles of beam and target have
been reversed. For the full matrix element

(fIS|B(@),n®) = {fIGTS| p(b),n(a)) , (3)

where we have used Eq. (2) and the fact that G is
both unitary and conserved. We now apply this re-
sult to exclusive and inclusive processes.

A. Exclusive reactions

If the final state | f) of Eq. (3) is an eigenstate
of G parity having eigenvalue 7,, then

(181 P(a),n(®) =7, (fIS| B (®),n(a)) . @)

1t follows from Eg. (4) that for any differential
cross section

do(a,b)=do(b,a), (5)

and if we make explicit the momenta and helicit-
ies, a=(Ds,ha), b= Dy, hy), We may average over
helicities to give the cross-section relation ap-

propriate to unpolarized beam and target:

dU(ﬁa;Sb)=dU(§b; Ea) . (6)

We call this result “beam-target reversal sym-
metry.”

The physical significance of Eq. (6) is illustrated
in Fig. 1: The probability of ejection of a given
particle into the forward hemisphere of the center-
of-mass frame equals that into the same polar
solid-angle element in the backward hemisphere,
i.e.,

do _do
E—(cose)— o) (=cosb) . )
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FIG. 1. The reaction pn — pions in the center-of-mass
frame; the pion is representative of the final-state par-
ticles; the others are not shown. (b) differs from (a) by
the application of G parity to initial and final states; (c)
differs from (b) only by a rotation in space.

B. Inclusive reactions

Let a; be the creation operator for one of the
detected particles in an inclusive pn reaction and
let [») denote a possible state of the remaining un-
detected particles. We consider only the case in
which each of the detected particles is an eigen-
state of G, but we do not require |») to be an
eigenstate of G. Thus

Gl =G<I;I a,,>T|r>
o Lee) o
=n,,<IdI ad)Tlr’> , (8)

where 7, is the total G parity of the detected par-
ticles, and

[r") =Gl») . 9)

The set of states {|»')} only differs from the set
{lr)} in order and possibly in phase. Thus with an
appropriate summation E,,

S =3 e ol (10)

r T

Using Egs. (3), (8), (9), and (10) it follows that

STIKAISIB(@), n®D 1= 3 1<fISIB(0), nlah|*.

(11)

From Eq. (11) the inclusive-cross-section result
follows readily, namely

(HD¢>o(a,b)= <I,1I D,,)o(b,a), (12)

where
Dy=E d/d*p,. (13)

Equation (12) shows the beam-target reversal sym-
metry for pn inclusive reactions. In summary, if
each of the set of detected particles in a pn reac-
tion is an eigenstate of G parity, then all particle
distributions should show beam-target reversal
symmetry.

C. p-w interference

We now consider the interference between the
processes

pn=-p°X, P°=u'm", (14)
n—-w’X, =777, (15)

The w° decay into two pions, being electromag-
netic, violates G-parity conservation.

The overall amplitude for reactions (14) and (15)
is given by

Ala,b)=T @@ n17;0°)T(p°X;p(a)n®))
+T (" 717 w)T (W°X; pla)n(d)). (16)

Each term in Eq. (16) is the product of a produc-
tion and a decay amplitude (in a self-evident nota-
tion).

For simplicity, let us assume that X is an eigen-
state of G. Then remembering that n,=1, n,=-1,
it follows from Eq. (3) that

AW,a)=n[T " 17;p)T(0°X;p(a)n(d))
=T 17 )T (W X;pl@n®)) . (17)

Comparison of Egs. (16) and (17) shows that if
p-w interference is constructive in the forward di-
rection, it will be destructive in the backward di-
rection (or vice versa). The amplitude T (1" 77; w%),
since it is electromagnetic in origin, is small, so
that the interference term in the cross section will
also be small. The situation is illustrated in Fig.
2.

We make three comments:

(i) p-w interference cannot be seen in pn inter-
actions if the direction of production is integrated
over. This conclusion is not true for pp reactions,
where the interference is seen.®

(ii) p-w interference cannot be seen in pn inter-
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FIG. 2. The appearance of p-w interference ina 7% 7~
effective mass-squared plot for »n — pions. In the case
of constructive interference in the forward direction,
curve a represents p-w forward at some polar angle 6,
while curve ¢ corresponds to p-w backward at the
angle m1-9. Curve b is the mass plot obtained in the
transverse direction, §=m/2, where the interference
term is zero.

actions at zero momentum, because the beam-
target direction is not defined.

(iii) The conclusions for p-w interference hold
also for inclusive p-w production. In this case the
results follow from the technique implied in Egs.
(3), (8), (9), (10), and (11) rather than the require-
ment that X be an eigenstate of G.

III. EXPERIMENTAL RESULTS

The data presented here come from several ex-
posures of the deuterium-filled BNL 30-in. bubble
chamber to beams of antiprotons, covering a mo-
mentum range from 350 to 930 MeV/c in 10 steps.
About half of the 240000 pictures were taken in the
550-MeV/c bin. We have combined all momentum
bins to produce a sample of 13 700 kinematically
fitted pn annihilations into 3, 4, 5, and 6 pions.

A. Forward-backward symmetry

We have examined all possible single-pion angu-
lar distributions, as well as those of many dipion
combinations, from the 3-, 4-, 5-, and 6-pion
final states. For the three-pion final state, events
fall into two classes: those with seen proton stubs
and those without. For those events without seen
proton stubs, the unconstrained stub momentum
was taken as zero with an uncertainty Ap, =ap,
=Ap,=50 MeV/c. Events from both classes satis-

fying a 4C kinematic fit uniquely were accepted
into the final three-pion sample. No difference
was detected between the two classes of events.
For the four-, five-, and six-pion final states,
only events with a measured proton stub satisfying
a unique kinematic fit were accepted. A total of
some 3500 events satisfied the above criteria.

For each angular distribution examined, we have
calculated a x? statistic corresponding to the hypo-
thesis that the distribution is forward-backward
symmetric.”® Not one distribution failed this sym-
metry test at the 95% confidence level.”

For economy of space, we present in Figs. 3 and
4 a representative selection of angular distribu-
tions: the 7~ distribution for each of the four final-
state multiplicities. Forward-backward symmetry
is evident in the figures which include values of
xZ calculated as above.

Symmetry is evident not only for individual final-
state particles, for which the angular distributions
are in some cases fairly flat, but also for exclu-
sive processes exhibiting structure. Figure 5
shows data for the quasi-two-body processes pn
- 0%, and pn—f°r7, where the p° and f° in fact
include a substantial background, being defined
simply by mass selections in the 777 spectrum
(Fig. 6).

An alternative statement of beam-target rever-
sal symmetry is that partial waves that violate G
parity should be absent; that is, no coherent odd
and even amplitudes can exist simultaneously, and
indeed simple fits to our data using Legendre poly-
nomials are consistent with that prediction. By
way of example, two three-pion distributions ex-
hibiting much structure are shown in Fig. 7, to-
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FIG. 3. Forward and backward c.m. angular distri-

butions of 7~ from (@) pn—rn* 7" 7", ®) pn—1" 17 70,
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FIG. 4. Forward and backward c.m. angular distri-
butions of 7~ from @) prn—rn" 7" 7" 7" 71", () pn
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gether with coefficients of fitted Legendre poly-
nomials. In each case, a good fit can be obtained
using even terms only. A full partial-wave analy-
sis for the three-pion final state is the subject of
a separate paper currently in preparation.

While the above distributions are consistent with
beam-target reversal symmetry, the predicted
symmetry is a stronger one than is tested by the
usual center-of-mass cosine distribution alone.
That is, if a center-of-mass system is defined
relative to initial-state particles, with the beam
direction specifying the polar axis, tests can be

T
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FIG. 5. Forward and backward c.m. angular distribu-
tions of 77 from pn —n* w73 with m(r* r3) @) in the
p° band, (b) in the JA) band.
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FIG. 6. Mass selection used for the data of Fig. 5.
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FIG. 7. Angular distributions and coefficients of fitted
Legendre polynomials for (a) 7" frompn—17"7"1", (b)
7~ from pn—“p® r~. Negative coefficients are shown
shaded. The smooth curves and y? values relate to fits

using even terms only.



FIG. 8. The center-of-mass frame used to test Eq.
(18), for the reactionpn—7"7"7".
along the n* direction and the z axis is specified by the
normal 73 x73 where, for definiteness of sense,
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m(r*r])>m(r* 13).

+1

cos©

(a)

The x axis is

made only of the polar symmetry; azimuthal event
distributions are inherently isotropic, for unpolar-
ized beam and target, because a reference axis
cannot be defined. A more sensitive test of beam-
target reversal symmetry can be made over a full
47 sr if a center-of-mass frame is defined relative
to the final-state particles.

We choose, as an example, the center-of-mass
frame shown in Fig. 8 for the reaction prn—n*n]7;.
The x axis lies along the 7* direction, and the z
axis is normal to the plane containing the final-
state pions. For definiteness of sense in specify-
ing the normal, we calculate 7;X7; where m(1*7})
>m(n*n;). Beam-target reversal symmetry ap-
plied to this system requires that the antiproton
differential cross section into any element of solid
angle, d2, equals that into the diametrically oppo-
site element, i.e.,

do _dag
o) (cosf, ¢p) = ) (-cosl, p+m), (18)

where again averaging over initial-state helicities

1 1 .

cos ©
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Events
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FIG. 9. Angular distribution of  in the c.m. frame of Fig. 8 for 5n— " 7~ n"~. The scatter plot (c) is the left-hand
half of (b) with cos@ coordinates reversed. Thus if beam-target reversal symmetry holds, (c) and the right-hand half
of (b) should be identical: This is most readily seen if the left half of (b) is covered over. (a) and (d) are the cosg and
¢ projections, respectively.
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FIG. 10. Center-of-mass angular distributions for
dipions (r* 7~) from the reaction pn —7* 77 7" in a
“p— w” band and two adjacent mass bins (uncut sample).
The smooth curves have no theoretical significance.
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FIG. 11. The ratio Ry=odd coefficients/even coeffi-
cients of low-order Legendre polynomials fitted to the
dipion (r* 7~) angular distributions from pn — 7" 7" 71" 7°
reactions, as a function of dipion mass. The ratio is
calculated using a sum of magnitudes only.

T+

T
- .
(a) R=0.00-0.02

+
(e) R=-0.01~0.02

(b) R=007%0.02 L (b) Re-0.09% 0.02

100

(c) R=0.16£0.05 (c) R=-0.13%0.05

-1 0 +1 - o] +1
cos 6 cos ©

FIG. 12. Center-of-mass angular distributions of =~
and r* from the reactions (@) pn— 7" 1”7~ 70 (this ex-~
periment), (b) 5p— " 7* 7~ 1" near 940 MeV/c? (Ref.
10), ) pp—r" 7" 7 7" at 5.7 GeV/c (Ref. 11). The
ratio R is defined in Ref. 8(a). The symmetry exhibited
in (b) and (c) is that of charge-conjugation invariance
which predicts that the #* and =~ distributions should
be reflections of each other.

is accomplished if beam and target are unpolar-
ized.

To test the equivalence of the experimental dis-
tribution at diametrically opposite points we di-
vided each hemisphere into 32 zones of equal solid
angle and performed a x? test similar to the one
above. We find x3/ND=2 for the data shown in
Fig. 9, indicating that the distribution is quite con-
sistent with the symmetry predicted, as shown by
a comparison of Figs. 9(b) and 9(c). A similar
test for isotropy failed at the 99% confidence level,
as is to be expected from the projections in Fig. 9,
particularly in ¢. Thus the diametric symmetry
holds despite a large amount of structure, i.e.,
the presence of several partial waves.

B. p-w interference

For the reaction pn—7"7"7"7° events have been
selected into three dipion (7*7”) mass bins: a
“p-w” band 40 MeV/c? wide centered on the w°
mass, and two contiguous bins; Fig. 10 shows
their angular distributions. Employing the same
test statistic as above, the distribution in the “p-
w” region is not consistent with symmetry at the
95% confidence level despite being consistent with
isotropy. It is worth stressing that the G-parity
argument predicts not asymmetry but antisvmme-
try (on top of a symmetric background) in the mass
region of the w°. Although statistically poor, there
is slight evidence in Fig. 10 that the angular dis-
tribution has an antisymmetric part in the “p-w”
band, while being consistent with symmetry in ad-
jacent mass regions.
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That this effect occurs only in the region of the
w® mass is illustrated in Fig. 11, where, as a
simple measure of the antisymmetric part, we
have plotted, as a function of dipion mass, the
ratio of odd to even coefficients required to fit
Legendre polynomials to the center-of-mass angu-
lar distributions.

IV. DISCUSSION AND COMMENTS

The experimental angular distributions discussed
in Sec. III are in many cases far from isotropic,
indicating the presence of several partial waves.
Nevertheless, they are all consistent with beam-
target reversal symmetry. It is unfortunate that
the limited statistics of this experiment, together
with an inherent arbitrariness of parametrization,
preclude a very precise estimate of any G-parity
violating amplitude. The asymmetry parameter,
R,%? affords an approximate but model-independent
estimate of the G-violating amplitude.®® For both
the three-pion and four-pion data of this experi-
ment we find R<0.04 at the 90% cofidence level.
Thus in each case we expect the G-violating am-
plitude to be less than ~4% of the G-conserving
amplitude. More stringent limits have been set
previously near the 1% level; however, they are
model-dependent and apply to particular decay
processes such as p- 37 decay® and w— 27 decay.’
The suggestion, although weak, of a p-w inter-
ference effect in our data is consistent with the
electromagnetic decay of the latter. In summary,
we note that the model-independent forward-back-
ward symmetry has not been explicitly tested be-
fore, and that to the extent that beam-target re-
versal symmetry is satisfied in this experiment,
G-parity conservation is supported for pn inter-
actions.

We suggest three related experimental areas in
which beam-target reversal symmetry can be
more rigorously tested. First, a high-energy
analysis in comparison with pp reactions should
better reveal the effect of the G-parity constraint,
and could be made inclusively. The reactions pp
-~ pions do nof show forward-backward symme-
try'® ' a “leading-particle” effect is present, as

shown in Fig. 12. That is, the charged-pion angu-
lar distributions are peaked forward in the direc-
tion of the initial-state particle that has the same
charge. Furthermore, the effect becomes more
pronounced at higher energies. This asymmetry,
combined with our results, strongly suggests that
partial waves present in pp annihilations, for
which the G-parity constraint does not apply, are
dynamically excluded by G -parity conservation in
pn interactions. Second, we expect a full partial-
wave analysis of any high-statistics pn reaction
channel to demonstrate the absence of G-parity-
forbidden waves. Third, a high-statistics analysis
of the possible p-w interference effect should
complement analogous studies of pp reactions.®

Finally, we comment on G-parity conservation
for K mesons, and a generalization of G parity to
U spin and V spin.

(a) As
GIK®) =ilK™),
GIK®) =i|K"),

Eq. (3) predicts that the K° (K°) angular distribu-
tion is the same as the “reflected” K~ (K*) angu-
lar distribution for any final-state kaons. Fur-
ther, triangle inequalities follow for K%, K* K~
cross sections.

(b) (i) If 1, in Ref. 5 is replaced by U, then, in
I'p reactions, final-state K° K° K9, K particles
should all show beam-target reversal symmetry,
in a manner analogous to the pions from p» an-
nihilations. These predictions form a sensitive
test of the extent to which SU(3) is a good symme-
try for strong interactions.

(ii) In a similar way, if I, in Ref. 5 is re-
placed by V, then, in ™% reactions, any final-
state K*, K~ particles should show beam-target
reversal symmetry.
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