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We analyze the possible theoretical implications of the recent evidence for a charge asym-
metry in the co Dalitz plot. In particular, we discuss the asymmetry in terms of theoretical
models based on (a) the Okubo-Yuta background-interference effect, (b) an interfering mass-
degenerate exotic resonance P (I =1, J =1 +), and (c) C violation in p &+w ~ decay
with coherence of the p and co production amplitudes.

I. INTRODUCTION

Recently, Abrams et al. ' observed a significant
charge asymmetry on the co Dalitz plot for the
channel v'P- &u'b,"at 3.7 GeV/c. The pertinent
features of the data are

(i) The effect is large and is localized in t', the
momentum transfer squared, ' being most prominent
in the t' interval 0.08 & t' &0.20 (GeV/c)'. The
charge asymmetry is consistent with zero outside
of this concentrated kinematic region.

(ii) The observed charge asymmetry is indica-
tive of an interfering coherent I=1, J =1 + am-
plitude in the region of the co mass.

(iii) The asymmetry parameter e~ (I= 1) has a
value 0.1,=0.18 +0.05 for t' inthe interval 0.08-0.2
(GeV/c)'. The asymmetry is symmetric with re-
spect to e =.2(m„-m)/1" for e„&0 and e &0.

(iv) Coherence between p' and aP production,
which has been observed via the oP-p interfer-

ence effect in the m'n mass spectrum, for the t'
interval 0-0.14 (GeV/c)' cannot be established in
the data of Abrams et al. ' for the futl t' interval
in which the asymmetry is observed.

The present work analyzes the theoretical impli-
cations of such a charge asymmetry for the v de-
cay. Owing to the limited experimental information
currently available, unambiguous conclusions can-
not be drawn at this stage. However, several
suggestive models have been proposed" as possi-
ble interpretations of this asymmetry effect. %'e

study these models here to extract the pertinent
theoretical information and (where possible) test-
able consequences. In Sec. II we discuss the
Okubo- Yuta' coherent-background-interference
mechanism; in Sec. III an interfering-resonance
model based on the postulated existence of a
mass-degenerate C-exotic resonance p (Ia = 1,
Z~c=1 ') is described; finally, in Sec. IV we spec-
ulate on the relevance of C violation in p n'w m
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On the basis of the data available in this one ex-
periment, the possibility that the observed asym-
metry results from interference with some un-
known but coherent background amplitude cannot
be excluded.

The maximum possible asymmetry resultirig
from the estimated 10%background under the co

signal can be found using the formalism of Okubo

and Yuta. ' If we assume that the background am-
plitude B is entirely coherent with the m, is en-
tirely in the J = 1 ', I= 1 state, and is imaginary
relative to the ~, we have

2gr
+ max

hm cr

where

gB 4 2m~ +~

is the cross section for background production,
r is the aP width, and 4m is the experimental
mass interval. We find

a msx g 20% (2)

Although this estimate shows that the asymmetry

may result from the Okubo- Yuta effect, there are
several reasons for exploring the problem further.

One reason is that in the order-of-magnitude
estimate above, it has been assumed that the en-
tire observed background (10%) is involved in the

interference. Actually, there are numerous three-
pion states that can be produced in v'P- (Sw)b ".
Among these states, with various isospin and spin-

parity values, the v interference projects out only

that coherent component with J =1 ', I=1. It
remains to be explained why this particular com-
ponent dominates the background.

Another open question is the t dependence. The
observed asymmetry peaks near a momentum

transfer t'=0.2 (GeV/c)' [feature (i) of the Intro-
duction]. If it is assumed, for example, that the

background is produced by the same exchanges as
the co, then a forward peaking of B, and therefore
of the asymmetry, is suggested.

We conclude that, .although the Okubo- Yuta effect
is a possible explanation, there remains signifi-
cant doubt about it and other explanations should

be considered.

III. THE INTERFERING-RESONANCE
MODEL

The fact [as stated in (i) and (ii) of the Introduc-
tion] that the observed charge asymmetry in the

decay and the coherence of the p' and aP produc-
tion amplitudes' as a yossible source of explana-
tion for this charge asymmetry.

II. THE OKUBO-YUTA BACKGROUND-
INTERFERENCE MODEL

~ Dalitz plot is noted in only a limited kinematic
region argues for a t dependence of the coherent
(I =1, J =1 ') production amplitude more
akin to that of resonance Production rather than
to a miscellaneous-background amplitude. ' We
shall assume in this section that the interfering
amplitude is that associated with a resonant parti-
cle p with quantum numbers I =1, J =1 ' and
nearly mass degenerate to the hnoun uP (I =0,
J' = 1 ). We discuss below the magnitude of the
charge asymmetry in this model, the possible ex-
perimental searches for such a P', and the rele-
vance of p' to contending theories of exotic states
in meson spectra.

Magnitude of Asymmetry

The distribution in mass m of the (3v) final
state is given by

dn F-, (b,-r,-)'~' F.(b.i.)'~2

dm m -m-+-'iI'- m -m +-'ir
P 2 P QJ g QJ

where bP-, 5 denote the branching ratio for p-3m
and e'-3m,' FP, F are the production amplitudes
for (p, ui') in the reaction under consideration. Let
us call

Pp =Fp~bp, P =I'~vb~,

P*/P. = ~P,-/P. I e*e' (4)
P

Assume that p arid uP are essentially mass degen-
erate, and then let

E=m -mP =m —m~, dE=dm;

hence,

dn P- ~p- P ~I'
de= z+-,'ir-, 'z+-,ir

Note that up to a relative phase P,

Pp= IN'/v'2v, P 0=-&-N /v2w

in the notation of Abrams et al. ' The asymmetry
will depend upon a factor

e E--.'zr; E+-.'ir '
Hence, in general, the imaginary part of one reso-
nance may interfere with either the real or imag-
inary part of the other giving rise, respectively,
to a charge asymmetry which is symmetric or anti-
symmetric in energy about the central e mass. In

the. cases P =0, v, the sign of the asymmetry is
independent of m over the entire ~' mass region.
This type of asymmetry has been denoted by e in

Ref. 1 and corresponds to an interference with

the imaginary part of the &u' amplitude. When P
= 2n the sign of the asymmetry is opposite for
m —m~ &0 and m —m &0 and the asymmetry (de-
noted by a') corresponds to interference with the
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real part of the oP amplitude. Experimentally, it
is the e type of asymmetry' mhich has been ob-
selved 1n F p~ QP4

Since an a-type asymmetry is involved, we take
$= 0 and upon integration of E, we find for the
asymmetry

dx(x'+ 1)
(x +1) +A. x

dx
X +

4fP-, I IP„ff
IP;I'+ IP. I' '

(I'~ —I' )'
1"pl „

The limits of integration can be set from. -~ to
+~ if the range of E is much greater than the
widths of I'~ and I' . Using contour integration,
we find

XX —1
2 X,X2(Xi+X~) '

X, = f f-,'(X+ 2) —MX(X+ 2)]'"$'",

X,= f

(gal+

2) + Mz(X + 2)]'"j'" .
(lo)

It is evident from Eq. (8) that A. =0 (and hence, I'~
= I' ) will yield maximal asymmetry

IP-, I'+ IP. I' '

independent of the range of integration of E or x
in (8); For IP& I« IP I we have

=2IP; I/IP. I. (12)

If me take the extreme case where one resonance
is ten times as wide as the other, X= 10, I=0.175.
From (8} we have

O. v
I p-,p. I

IP-, I'+ IP I'
'

In order to obtain a rough upper limit on the
relative production amplitudes of P and e, me
have examined several experiments' in which the
charged three-pion decay mode of p' might have
been detected. The effective mass plots for
charged three-pion states are not inconsistent
with the presence of a resonance at 784 MeV with
a production amplitude smaller by a factor. of
three or four than that of the co.

%e shall not attempt here to obtain a quantitative
relationship between the production amplitude and
the width of p. It is anticipated that P miB be nar-
rower than the aF because of the barrier fa,ctors. '
The relativistic barrier factor (in the wave func-
tion) for the P has an exponent 3 vs an exponent 2
for the ru. (The nonrelativistic factor gives an

even stronger suppression. ) We consider the ratio
I'~/I" = 1/10 tobe a pessimistic lower limit. As
mentioned above, this gives a suppression by a fac-
tor of 3.5 in the asymmetry.

Using the values P~/P =-,' and I ~/I'„=,—'„we
find from Eq. (8), n = 15%. That is, the asym-
metry is a very sensitive measure of the presence
of even a narrow and suppressed resonance de-
genera, te with the (d.

PfodUctlofl sBd Dcc8$ Of p

The most tangible proof that the interfering-res-
onance model is the correct interpretation of the
data would be the experimental establishment of
the P state with I = 1, J = 1 ' and mass degen-
erate with the known uP state. The p state is, how-
ever, "C exotic" (or "type-II exotic") in the classi-
fication of Bosner. ' It is not coupled to (qq), nor
to N5, ZZ, ==, and, to the extent that SU(3) is
good, not to AE as mell. Hence, on general
grounds, its production cross section is expected
to be small and the present lack of evidence for
the state is not necessarily detrimental to the
interpretation as already discussed above. For
instance~ 1n

(14)

the n(940) and A(1238) exchanges are forbidden
(the latter by isospin considerations).

General analysis based on available phase space
and barrier factors would suggest that for a J~~
= 1 ' state in the 800-MeV mass range, the domi-
nant strong-decay mode is going to be the gm mode.
Typically, one might expect (roughly) that normal-
ized to the p midth, p- qm & 30 MeV. The strong
decay p'- 3n' (which might participate in the charge-
asymmetry experiment') may be a secondary mode;
hence p'- 3m can be much- smaller than 30 MeV.
On the other hand, it has been shown by Lipkin
and Meshkov'0 that members of a meson octet with
negative CI' cannot decay into tmo pseudoscalar
mesons due to an SU(3) selection rule. In this
case the p 3m mode mould be dominant. However,
since the j is not a (usual) quark-model state, it
may be premature at the present time to insist
upon a specific SU(3) assignment, and a search
for a narrow peak in p- in m-p- pX using missing-
mass techniques" may be appropriate. Despite
the dominant qm decay mode of p, it is unlikely
that the qo-exchange diagram plays a significant
role in g-+p- p+ p- because of the "attenuated"
q pp coupling from SU(3) considerations. Abrams
et gl. ' suggest that p exchange may be dominant
Bl the production of a possible po state in g P-ph". Production of p- due to p exchange from
g-+ p p+ p- at large momentum transfer may al-
low some separation of this phenomenon from the
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dominant production of p- at small momentum
transfer (via pion exchange)-though there may be
significant contribution to p- production at large
momentum transfer due'to & exchange. Study of
the gz and Sp final-state decay in K +n-A +p-
(K~ exchange) should be feasible. It is evident
that techniques which trigger specifically on the

(7)s) final-state mass spectra are likely to be prom-
ising in the search for p. The conjectured narrow
width for p may lend itself more readily to dis-
covery by cascade methods analogous to those
used by Baud et al." in the CBS search for a na~-
rou 6(962).

Finally, the possible existence of "C-exotic"
mesons such as""p(784) and 6(962) need not be
in contradiction to the rather stringent upper lim
its set on exchange of exotic particles, since the
latter most severely test exchanges involving par-
ticles satisfying ~ S = -~Q, ~Q = 2, and ~$ = 2."
As emphasized already, production of p(784) can
be achieved through normal p exchange.

Theoretical Implication

The most striking feature about the possible ex-
istence of an p state with I =1, J =1 ' is its
expected near mass degeneracy with the known

I = 0 8 = 1 uP(784). As emphasized recent-
ly,""accidental" degeneracies (especially if not
an isolated case) involving two states of the same
spin-parity but one of which is not of the qq type
[e.g. , ti(784)] generally suggest a different under-
lying symmetry at work. Related to this remark
is the idea"" that we may have besides the SU(3)
multiplets (of qq and qqq types), multiplets of an-
other group G, say SU(2)z SSU(2), , I, +I, =I=iso-
spin [G not contained in SU(3)], analogous to the
use of two different overlapping schemes in atomic
physics: jj coupling and LS coupling. For physi-
cally meaningful assignments to SU(2), SSU(2)~
multiplets, we must require that the G pa&, ty of
members of such a multiPlet be the same. "'" The
pair p(784) and &u'(784) thus lends itself naturally
to assignment to the (—,', —,') representation of this
clashing SU(Z)xSU(&) symmetry. Other (—'„—,'} rep-
resentations have been suggested in connection
with «t'(959)-5(962) degeneracy" where the 6(962)
may be related to recent observations of a narrow
peak'3' in the 955-MeV mass region.

The existence of C-type exotic mesons has also
been proposed in connection with C violation in
electromagnetism. The gist here is really that
field-current-identity theory suggests that to every
current we can associate at least one particle.
Thus, for instance, the usual isovector (J «) and
isoscalar (Z~s) electromagnetic currents are close-
ly identified with the (p', &o', g') system, so a
C-violating K„current can be associated with the h

meson" (for Ks) or the p meson" (for K"„). Of
course, it must be clearly understood that K„cur-
rents may imply p or h mesons but not vice versa.
Indeed, even if C violation were electromagnetic
in origin, construction of K» and Kf currents (see
Sec. IV, below) can be made on the basis of the
anomalous-magnetic-moment model for the (p', &u',

Q ) system without necessarily invoking the addi-
tional assumption of field-current identity for the
K„currents.

Mandula et al."have proposed economical solu-
tions to the particle spectrum (richer than the naive
quark model) on the basis of duality considerations
which include, among other C-exotic states, a
state with the quantum numbers of the p. Neither
this duality model nor the g-violating field-cur-
rent model would appear to explain the near degen-
eracy between p and (d, though.

IV. C VIOLATION VIA p INTERFERENCE
IN u DECAY

Features (iii) and (iv) of Sec. I do not speak well
for a C-violation (via p' interference in &o' decay)
interpretation of the data. ' The magnitude of the
asymmetry (-18%) and the inability to establish
coherence of p —and ~ -production amplitudes in
the kinematic t' range, where the asymmetry is
most prominent, are definite problems for this
interpretation. Nevertheless, as a proposed meth-
od to search for the existence of a C-violating tran-
sition in p decay, the p -w interference model
has interesting possibilities, as stressed espec-
ially by Abrams et al.'

Setting aside the magnitude of the asymmetry
for the moment, we can still attempt to understand
features (i)-(iv) in terms of a C-violating model
based on p -(d interference.

General Notions

We consider only the I= 0-and I= 1 amplitudes.
For p' (&oo) -3s, the I= 2 final state is C conserv-
ing while the 3w I= 3 state (though C violating} is
suppressed by barrier factors. ' There are then
two distinct mechanisms specifically associated
with the p-& complex that can give rise to an asym-
metry via C violation.

(a) The &u decay itself has a C-violating I= 1 am-
plitude. Asymmetry in this case should not be t'-
dependent, since a single-particle. cu decaying in-
to two opposite C channels will generally have no
memory so far as asymmetry on the t' dependence.
This is in contradiction to feature (i) of data. Fur-
thermore, the magnitude of the asymmetry in this
case is estimated to be" -1%.

(b) An I= 1 C-violating amplitude due to A I= 0

p - 3z decay. We shall henceforth concentrate
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only on this case.
The three-pion (amplitude ~' in this case is ap-

proximately

fd

P ~~ ~ ek(&/2+83 "8)

where e„=2(m~ -m)/I'z (c» ez), II& is the num-
ber of events of particle X observed in the I," inter-
val under study, P is the relative production phase
measured from &p interference in the g'g- mass
spectrum, P, is the I= 1 po decay phase (relative
io the po-w'w decay amplitude) and I, is the I=1
partial width for po decay into g'm m'.

Using the ~amplitude P above, the energy-sym-
metric (n) and energy-antisymmetric (a') asym-
metries can be written in the form'

(F= lxo sin(2 w+ Pg —P) q

D' = aoeos(~2w+ Pg
—P),

(16)

where +0 and n,' are unknown constants. It is to
be expected that cLp~ Qo due to the problem of ex-
perimental sensitivity. An experimental selection
of events according to ~~ 0 or e& 0 is subject to
uncertainty due to the fact that the experimental
mass resolution is larger than the known co width.
Thus the uncertainty in the value of & for each
event tends to wash out the e'-type asymmetry
but not the a type. s

Possible Resolution of Dilemma

Assuming the value p=86'+ l7' which was estab-
lished from the 2g interference effect, ' recall that
this value is known only for t' ~ 0.14. Above t'
= 0.14 the (2w) interferenee disappears. This is
consistent with two hypotheses: (1}p and ~ are
incoherent for t'& 0.14, or (2} the value of p is
near zero here.

If we adopt (2), then the average value of p for
t' ~0.14 is 86'+ 17', but above t'=0.14 it shifts by

A Difficult Point

The asymmetry for'nulas (16) indicate that no
matter what the phase P, —P is, the asymmetry
is all)ays nonvanishing for one of +, a'. However,
for I," ~0.3.4 the experimental asymmetry vanishes. '
Also note that it is precisely here that the asym-
metry should be largest. The reason is as fol-
lows. The ~'-Sp signal is the dominant one. The
p'-Sw is smaller (and induces an asymmetry by
interference}. The p amplitude is largest at small
t' (via one-pion exchange); therefore, it should
produce the greatest interference at small t'.

e 'ex, ~' ax„ (18a)

(18b}

where

8~(v. s)
Il 0

exp

90' to a value near zero.
Examining the asymmetries given by Eg. (16),

it can be seen that a change of 90' in P results in a
shift from an n'-type asymmetry to an ~ type, if
we choose P, =O'. So according to this model, the
asymmetry is of the n' type (energy antisymme
trio) for t' ~0. 14 and of the a type (energy symms
trio) for t'&0. 14. The reason that the asymmetry
is not seen in the small t' interval is lack of ex-
perimental resolution for an asymmetry of the n'
type.

Both types of asymmetry are expected to vanish
above g'=0.22 due to weakness of the po-Sg sig-
nal.

The simplest prediction of this model is that
for the (2w) reaction induced by a w-, e.g. , w-p- z'm-n, the behavior of P implies that the inter-
ference peak here also disappears above g'= 0.14.

The model also predicts that the asymmetry
seen in the (Sw) reaction induced by a w- [e.g. ,
w-p-(Sw)nj should be of the n type for small t'
and of the n' type for large t'.

Magnitude of the Asymmetry

This remains a formidable problem for the C-
violation interpretation. It has been pointed out to
us'4 that the effect of po upon coo should generally
be expected to be small because only a small num-
ber of po decays occur in the u energy band. Gold-
haber" estimates that, for the C-conserving elec-
tromagnetic transition p'- (Sw), 0,

I'( p - (Sw),=0) (17)N~'- (Sw), =.)
where the dominant contribution comes from mix-

. ing between J~~=1 p and u states. However,
such a mixing enhancement is irrelevant to the
discussion of the C-violating QI= 0 p decay to
(Sw), ,

The Anomalous Magnetic-Moment Model
of C Violation

One possible electromagnetic C-violation model
(specific to the ru'-p' system) which might give
rise to an enhanced charge asymmetry in uo decay,
is the anomalous-magnetic -moment-type model,
due to Lee and others. " For minimal-type electro-
magnetic currents, we can easily construct iso-
scalar K~s and isovector Kv„currents out of the
(ur', &0, po) vector-meson system, "e.g. ,
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and

K (V w S)g -& —K (V w S)
st p st p

lated (very roughly) to the ratio of the p propaga-
tor at these respective mass values as follows:

with. C„ the particle-antiparticle conjugation oper-
ator. The moment factor p. is unknown and may
be large experimentally. A C-violating h, I= 0
transition p'- (Sw)z, is of course consistent with a
virtual second-order electromagnetic transition
through J"„K„and/or J„K„, where J„and J'„are
the usual isovector and isoscalar e1.ectromagnetic
currents. However, a substantial contribution
from the K» component [for instance, from (18a)j
is needed to explain the data of Gormley et al."
concerning the asymmetry in g decay. Hence,
at least the J~vKv& combination is needed here also.

The ever-decreasing limits on the neutron elec-
tric dipole moment represent, of course, an in-
creasing strain on electromagnetic C violation.
Present experimental upper limit at 90% confidence
level" is 5x10 "cm. In a maximal electromag-
netic g-violation model, the estimates have gener-
ally ranged from 10 to 10 2 e cm. 9 Pais and
Treiman' have pointed out that if

K„=s„s8T„„8(x), (19)
Tpa 8 Tp8n~ TPa8 Tn}tf 8 ~

where the tensor T„8 is sufficiently regular so
that its matrix element exists in the zero-momen-
tum-transfer limit, then the ~neutron dipole mom-
ent vanishes in the low-frequency limit for a full-
strength K„current of form (19). A nonminimal
Kv current can be constructed from the spin-1
fields (p, up) satisfying (19) as follows (in a free-
field example):

K(( = 8&8 88 ~(p&(dw + (0&p(() —H 9&(p~(0& + p& (a7(()

(20)

Little is known about the magnitude of the param-
eter p, experimentally. " Hopefully, it can lead to
an enhanced contribution to p -(Sw)z, via J„K„
and, hence, to a large asymmetry in the (do Dalitz
plot" via interference. Indeed this type af model,
where C violation occurs through the presence of a
p&y vertex in the structure of the Feynman dia-
grams for the ~I= 0 transition po-3g and zI= 2

transition g -Sg, can give some qualitative under-
standing of why asymmetry in the go decay" is
small (-1%) while being relatively large in the pre-
sent case. Typical C-violation g'- 3g and p 3$
decays can proceed via p-propagator tails
1/(k'+m ~'), where k.' is determined kinematically
by the 2p invariant mass of the sz final-state sys-
tem at g and coo masses, respectively. To wit,

Ãy 32 1l3.are the four-momenta of the three
final-state pions, then k'=(w, +w, )'. The corre-
sponding aaymmetries e„and cz„can then be re-

(21)

It is important to emphasize that a, Kv current
is not yet ruled out by other tests of C violation
in electromagnetism. For instance, the (qo- Sw')/
(q'-w'+w'+w'} branching ratio is expected to re-
main close to 1.5, since J ~»IP„ is small, -1/0 to
2%, and (K»)' is very small after integration over
spectrum, so the decay branching ratio is dom-
inated by the ~I= 1 JvJ~ transition which leads to
the 1.5 prediction. For the g'- m +e'+e- decay, "

rate 'g 2'y,

where ( is the SU(3) suppression factor (-—,', ). If
we take r-1/2m„, then the rate ratio (22) -0.25
x10 4, which is compatible with the data. Experi-
ments on e-+p-e-+L' test, in principle, for the
presence of a K„ through establishment of a T-»o-
lating phase 5; the present limits" are ~5~ & 10',
which is consistent with the maximum expected
theoretically"" of 5 in the range 10' to 20'. The
reason that sensitive tests of K„currents are dif-
ficult to achieve even in the e +p inelastic colli-
sion, yN-mN and yd=np reciprocity relations, as
well as in e-+d scattering, is that they generally
involve vertices of type yp- ~'-Nm as part or
whole of the reaction diagram, where y is either
on the mass shell or nearly so. However, it is
known that process yp- ~'-Nm is largely under-
stood already by Chew-Goldhaber -Low-Nambu
dispersion theory, in which the J„current is
known to play a dominant role. '6 Hence the K& con-
tribution is masked. Finally, such accurately test-
ed electromagnetic mass formulas as those due to
Coleman and Glashow" will remain unchanged if
we assume that the K„current belongs to the same
SU(3} octet as the usual J„current.

Remarks

If we extend the discussion to include also a Ks
current constructed analogous to Eq. (20) out of
the ((d, p} system, then the &ugly p-violating ver-
tex can play an important role (enhanced by mix-
ing} in the A, -splitting model proposed by one of
us." In particular, it would be reasonable to ex-
pect splitting in the neutral mode A2 KyK, in-
duced by m-p reaction for which there is now some
empirical evidence. " Such a C-violating contribu-
tion might possibly also account for the conflict-
ing results obtained on A., splitting from n'p and
w-p reactions. 39
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