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G. Goldhaber, B. H. Hall, and J. MacNaughton

Department of Physics and Lawrence Radiation Laboratory
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o March 24, 1971

ABSTRACT

The reaction = p @ n pw - has been studied at 3.7 GeV/c ~-using data -

from the LRL .72-1_1'1chv hydrogen bubble éha.mber. An analysis of the o —
2 x 7° Dalitz vplot for - 4,000 w events yields no evidence for n+;t-x°
states with isospin I £ 0 at the level of 1073 in intensity -:relative
to the »I' = 0 intensity. A similar analysis of ~_560 ® events produced
ip a kinematical regipn of" knowvn p-o coherenée' yields no evid_enceb for

0° = 1T x® decays with I # 0 at the 1% level in intensity relative
to the 0% - x'x” ‘mode. ‘A significantly nonzero value on the charge
asymmetry o = (W, - ¥_)/(N,_+ §_) 1is observed (0.17910.051) for w |

mi

events produced opposite a AH(1236) in the narrow t'!' = lt -t I
2 : ' )
range [0.08, 0.20 (GeV/c)®). We discuss four possible origins for the

. .observed interfering amplitude, whose quantum assignments may be deduced

G_ .- PC_ .-+ ' ‘ :
as I' =1, JF =1 ": (1) C violation in w decay (which may be ruled
e . . . o
out); (2) € violation in p° - xn 2° . decay; (3) a miscellaneous.
coherent background amplitude with ﬁhé_se quantum numbers; and (4) a

\ .

possible exotic resonant state with these qtiahtufn numbers.
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I. INTRODUCTION
We have ﬁerformed an analysis of the w — 7{+1'[-1t° decay Dalitz
plot in a search for amplitudes which are small in magnitude (relative

to that of the w), using their possible interference with the w as a

probe. From angular momentum and parity conservation an interference

' on the w Dalitz plot is possible only for a spin parity (JP-) state of

“1". Our Dalitz plot a‘.na.lysis_: is thus sensitive only to &= 1 ampli-

ﬁldesﬁhich overlap the - ih mé.S.s (as well aé other dynamicél variables
which ch_a.racteriz_e:the w state vector). Sucﬂ a.mplitudes may be charac-
terized by -the isospin,'I,-vof,the":r+n-n° system, where I could have the
values I =0, 1, 2 or:3. Each value of I gives rise to a distinctive

interference pattern on the w Dalitz plot, which is the basis for our

“amalysis. -

Since the = xt x° decay mode has a G parity [G = c(-1)11 of -1,

strongly decaying states with I odd (1 or 3) must have an even value

under charge conjugation C. Hence in particular our search could reveal

‘the presence of é. JP C = l_+ state. At present no experiment has
established the existence of such a state ,l which, ;lithin the context
of the ‘quark model, cannot be formed from a quark-antiquark (qq) pair.

Our search was motivva.tedv by an a.tt.émpt to find inte’rferénde effects
of the p on the w corresponding .ﬁo' the u)-p intérferénée observed” in ﬁhe
x*x” mass distribution. Ve here recall that the observed interference
occurred within the restricted kinematical region where the po 1s' pro-
duced in the quasi-two-body reaction n+p - poAH(1236) at 3.7 GeV/e
in the momentum transfer region of t' < 0.1k (GeV/c)_2 (¢* = |t - tmin]
vhere |t minl is the lowest value of |t| kinematically allowed). l

In our present search we have observed evidence for a charge asym-

metry on the w decay Dalitz plot. This asymmetry is observed for
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mAH(l236) events produced at 3.7 GeV/c in the t' interval [0.08, 0.20
(GeV/c)2]- The proximity of this kinematical region to the region -of
established w-p. coherence may be noteworthy; however we can establish
no direct link between our observed asymmetry and p° intei-ferenee with
the w.

From the Dal_i,tzvplot dependence of the asymuetry we deduce that

the amplitude interfering with the o has the quantum assj_.gnménts IG = l;

and JPc =1 . We discuss four possible origins for the observed inter-

fering amplitude:

(1) ¢ violation in ® decay (which may be ruled out since such a

mechanism would presumably affect all w events, rather than a restricted

subsample as observed);

+ - o
(2) ¢ violation in p° @ x'x"n® decay via a |AI] = 0 transition;

(3) a miscellaneous background amplitude as postulated by Yuta and
Okubo3 for the specific case of 1 - n+x-x° charge asymmetry; and
(4) a possible exotic resonant state p with these quantum numbers

and mass near 780 MeV.

. II. DATA SAMPLE
This study is based on an analysis of 70,000 four-i:roﬁg events
from an exposuré of 180,000 pictures in the Le.w'rence Radiation Labora-
tory 72-inch hydrogen bubble chamber to a x* beam at 3.7 GeV/c. These
 events were measured on the Flying-Spot Digitizer (FSD); remeasurements

¢_>f events failing reconstruction were performed either on the FSD or on

the on-line COBWEB system using Franckenstein measuring projectors. The

reconstruction and fitting were done with the SIOUX program.
The events of interest to this study fit the one-constraint
‘hypothesis

*p > xtpata-n® (1)
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with a confidence level of O¢Ol or better, had no four-conétraint fit
to the reaction- |

AP - apn (2)

with a confidence level better than 0.0001, and had ionization deter- .

‘mined by the fit which agreed with the ionization measured either by

the FSD or viéqa.lly. Our final event sample contains 16,617 events of
reaction (1) a_sf' chosen by these criteria. i h
III. EXPERIMENTAL RESULTS

A. Outline of the Method

It has been _sho'wnh that the :r+1r-rr° Dalitz plot can reveal the

presénce of ami)liﬁudes,ﬁhibh are coherent with the w, and which have

" the quantum assignments I £ 0 and J =1, Such amplitudes can be

detected by“mez'a.ns of a generalized a.‘symetry a.né.lysis for n+1(-ﬁ° events

_‘ in the w mass region. ‘This analvsis uses the symmetry properties of

the :r+n'x°'_amplitude as a function of the Dalitz plot variables (derived

from the requirement of Bosé statistics for the pions and the symmetry
. . T
properties of the isospin-dependent part of the n « 2 wave function)
to construct test quantities which are sensitive to the presence of
C ‘-0 S . . .
I=1,2and 3 nn n states.
a To define these test quantities we use. the Dalitz variables '(in "che

+ -0
x t n rest frame)

X= (T, -T)/4QJ3

and
Y=1T/Q

(where Tn is the kinetic energy of the pion with charge. n and Q is the
available energy Mw, -M, - Mﬂ_ - M o)° In terms of these variables
n bis
+ - -
the lowest order decay amplitudes DI for n n “o states with J‘P =1

and isospin I are’
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- o |
D = CTX
Dy = C,T (1 - 31)
and D, = c@xl(1 - 3007 - 38°)

) - - = = i
wh_gre q4="p, Xp_, pn is the momentum of the pion with charge n, and

the C, are positive real numbers defined So that

1.

|5 | Paxay
all X,Y

With the further definition that € 2(Mm - M)/I‘w, the genez_-alized.

asymretries aI, a.j: are defined in terms of the number of.even_ts Ni j'

satisfying the conditions

i=+ for B:)'EI>O
i=- for 5:3°S)I<O
J E.‘*‘ for € >0 i.é., M <Mu)
j=- for em<0 i.e.;M>Ma)

by the relations
a

o= L, + ) - (wf, + W)/
ap = [, + N2 - (W + W5)1/N

vhere N is the total number of events NL_ + Nf_ + Nf_,_ + NI . As noted
;o b ‘s

earl;.er the utility of the pair {aI,a:’[} lies in their approximate pro-

jectibn properties: aI measures interference of a 1(+n:_1r° state of iso-

spin I and JP =1 with the imaginary part of the w Breit-Wigner

amplitude, and a!

T interference with the real part.

B. Generalized Asymmetry Analysis of the w

The analysis method outlined in Sec. IITA (and described in more
detail in Ref. L) is applied in this Section to our :r+p data at 3.7

GeV/c. We consider first our entire sample of w events; for this data
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the asymmetry analysis could give evidence for AT ;4 o] n+n-n° decays
of the w. |

The n+n-n° masé distributions on which our analysis is based are
illustrated in Fig. 1, vhere we show the w mass region for X £ 0 and v
X > 0 separately for all events from reaction (1). It may be sét_an that
the background level below the w is not negligi‘ple (= 20% in the region
M 20 MeV), a.'ﬁd,__ mthe_r,jis”different for the two halves of the Dé.lj,tz

plot. The ® Dalitz plot for events satisfying the ‘condition .

® in: 764 s M(x 7 x°) s 804 MeV (3)

i :_I.s shown with its projections in Fig. 2. The curves on the projections

are calculated using the lowest order w Dalitz plot density

ixa [f

A | = ‘ (4)

la, x|,
(defined so that O = A = 1) normalized to the observed number of events.
There is an apparent asymmetry evident from Fig. 2b, with X > O having
a larger p;apul.a.tion (2420 events) than X = 0 (2271 events); this effect
is mainly due to the difference in the background under the w for X £ 0
and X > O.

We correc.t' the data for this 5ackground vusing tﬁe obsemtibns that
the background distribution is consistent with being linearly distributed
in mass for small intervals about the w mass (* 100 MeV), and that the oy
signal is (_:_o_nta.ined within % 50 MeV from the central mass value of T8k
MeV (see Fig. 1). Then measurements of the background level below and
above the ® mass region (at least 50 MeV from T84 MeV) allow an interpo-
lation which mea.sui‘es the background level within 'the o MASS regiom

In Table Ja we present tﬁe rav deta and the background-corrected

values of the asymmetries. It may be seen that all aI and ai are well



-7- UCHL-20618
within two standard deviations of zero, and thué the data offer no sig-
nificant evidence6 for w decay to .rr+rr-:r° with I ;é 0. A discussion of
limits that these results place on the w decay fractions to I # O
x % n° states is deferrved to Sec. IVA.

We next consider a search for possible I ;4 0 rt+1t-1t° ‘decay modes
of the p° via p-® interference. In an earlier Lett;c-:r2 destruc_tive inter-
'fez':en'ce was demonstrated bin- our data in the x+n- ma.ssv-distrvibutibn neé.r
the mass of the a). for events from reacvtion (2) subjected to the addi-
tional sélection criteria v _

A™ in: 1160 s M(px') S 1280 MeV ()
and . . ' S 0.1k (GeV/c)2 (6)
(corresponding to an effective t value, te , calculated at the central
mass values of the p and A of ltel = 0.22 (GeV/c__)z). For the kinematic
region specified by the relations (5) and (6), therefore, coherence
between the A&po and AHa) production amplitudes may be considered
established at 3.7 GeV/c.

We may then use this kinemgtic reigion7 to search for the ré.re decay
mode ° = u+n-:r°
(where the isospin I of the :r+u-:r° is 1, 2 or 3) via p-® interference
on the w Dalitz plots: The Dalitz plot for events satisfying the criteria
(3); (5) and (6) is shown in Fig. 3a, and the projections in Figs. 3b,c.
The curves on the projections (Figs. 3b,c) are the expected distribution§
(mmaliied to the observed number of eventsj using the simplest w matrix
element [see Eq. (4)]. The satisfactory agreement between the expected
and obsex_'ved distri_butions argues aga.ihst the presence of large inter-
ference terms which survive an integration over the.m me,8S. .

To make this conclusion more guantitative, and to include a possible

mass dependént interference, we perform the generalized asymmetry analysis
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for the data satisfying conditions (5) and (6). Treating background in
the ssame manner as above for the case of all w events, we present in
Table Ib our results for the region of p-w coherence. We find no signi-

: +
ficant evidence for a possible po i ¢

:_r—nro decay mode with Iv;é 0;
in Sec. IVB we return to this data to determine model dependent estimates
of upper limits to the po branching fractions which may be inferréd» from

these results.

c. Evidence for a Charg'e Asmeﬁry

We here pursue the experimental question whether evidence-exists
for I =1, JP c = 1-+ :r+n-:t° states which are produced coherently with
the o and which overlap the w in mass so that interference with the ®
is possible.' This study was mot.ivated by a .search for C violation in
p° - n+n-n° decay; as shown in Sec. IIIB above we have no evidence for -
such a violation.

In this Section we a._nalyze _the o Dalitz plot for w events with
different. kinematic selection criteria than those imposed in Sec. IIIB.
We have found evidence for a large charge asymmetry for and-"+ events in

a parrov t' interval centered near 0.15 (GeV/c )2. The effect is demon-

- strated in Fig. 4, where we show a comparison of the production angular

distribution for wA events with X 5 0 and X > 0. These distributions
are not corrected for background: all events satisfying conditiom.s. (3)
and (5) are included‘.' It may be seen that these two distributions are
consiétent with each other for all t' except for systematiq departures
in the interval

10.08 = t' 5 0.20 (GeV/e)® . (M

In this interval the value of «, = 0.18+0.05 is significantly nonzero,

1
while all othér asymmetry parameters are consistent with zero (see_Table

Ic).
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The large magnitude of al is surprising, so that we digress at this

point to mention a few of the many checks performed that attempt to

+ - + -
account for a difference between n and n . In Fig. 5 we show the n n no

mass distributions for events satisfying conditions (5) and (7) for

"X =20 and X > 0 separately; we see that the asymmetry is associated
. with the w signal, and is'not due to an incorrect treatment of a rela-

- tively small (S 5%) incoherent background (éoherent background effects

are considered in Sec. IVC). For comparison we show in Figs. 6 and T

the corresponding mass distributions for two adjoining t' intervals,

" neither of whichvdisplays a strong dependence on X. For the interval

of smaller t', [0.00, 0.08 (GeV/c)E], the null effect evident from Fig.
6 ;s consistent with our observations for the region t' < 0.1k (GeV/c)2
(see Sec. IIIB). The absence of an appreciable asymmetry effect for the
interval of larger t', [0.20, 1.0 (Gev/c)2] (see Fig. 7), indicates that
the observed anomal& affects only a restricted t' region.

A further check on the existence of an instrumental bias is a meas-
urement of the charge asymmetry in 1 decay,

+ -0
N2 anwa .

‘The charge asymmetry in the 7 mass region (540-560 MeV) is measured to

be - 0.03t0.05 (based on 40O events, of which 80% are estimated to be
1 évéﬁts (see Fig. 1)); the asymmetry in adjoining background mass inter-
vals is also found to be zero within errors. Our result thus agrees
well with more precise determina.tions8 of the 1 decay charge asymmetry,
a = 0.015+0.005.

For the events which satisfy the conditiomns (3), (5), and (7), that
is the uA events which show an X dependent effect, studies were made to
see if additional evidence for instrumental or dynamical effects exist.

9

These studies” were designed to search for distributions other than the
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w Dalitz plot dependence on X which would servé to distinguish the nf in
the ® from the n , and thus to ascertain if the charge asymmetry is
merely the reflection of some other mechanism which is able to distin-
guish between n+ and n . While these studies are certainly not exhaus-
tive of all possible tests, they represent what we feel are the most
plausible physical mechanisms which would be charge dependent.

_We _note first that.the cha?ge asymhetry'in our datajié maximél §h¢n
evalugtedbih the w‘rest frame; evaluﬁting'the ch;rgé_asymmetfy déingf
kinetic energies computed in the laboratory (alab) (see Fig. 8a), in
ﬁhe overall n+p center-of-mass system (acm) (see Fig. 8b), and in the

o center of mass (al), ve measure the values

Ay = o.ooato.o§1
a,, = 0.0340.051
o) = 0.192t0.051 .

The large value of dl' (vhich 1s consistent with the value 0.179 given
in Table Ic) shows that the incohérént background subtraction, not
performed in this measurement, is not crucial to gstablish the effect. .
The null results for & in the lab-and cm suggest that the charge asym-
metry may be intrinsic to the © rest frame. - ‘

A further check that the n+ aﬁd n in the ® mass band do‘qot retain
a memory of the incident =  beam is to compare the x' and n  angular
distributions with respect to the beam, and with respect to the w line-
of-flight direction, both evaluated in the w rest frame. No significant
difference between n+ and n was found for these distributions. Several
models for inducing an w charge asymmetry would predict results contrary
to the abové observations. A modelvwhich attributes the asymmetry to
the measuring procedure {including mismeasurement of the magnetic field,

bubble chamber optical distortions, etc.) would lead in general to a



-11- UCRL-20618
value of alab which is larger than al, since the conjectured biases
would be in laboratory related variables. A dynamical mechanism leading
to a distinction between n+ and n would be, for example, peripheral
scattering of the incident n+, so that the outgoing nf retains to a
large extent the incident momentum of the incoming n+. This mechanism
vouié appear to be,fu;ed out by the‘null result for acm'

Since the charge states for the ﬂ+'and ﬁ- are different, when the
pion interacts with other hadrons different isospin stétes may'ﬁe .
involved. Thus final state correlations, perhaps in the form of reso-
nance formation or Bose symmetry effects, could also distort the w Dalitz
plot. Angular correlation studies of the n+ and x (associated with the
®) with the proton or x (associated with the A) revealed no significant
charge dependent effect. The two and three boay effective mass distri-
butions comparing the u+ and the n of the w were also consistent. In
particular no evidence was found for avcontamiﬁation of the data by
v"double " events (i.e., no w signal is discernible when the effective
mass of the 1, n° and n  associated with the AT is plotted), "double
N events, or by.significant production of p° mesons. Our conclusion
ffdm all of the above tests is that the only distribution we have found
in our w sample satisfying conditions (3), (5) and (7 ) which serves to
distinguish betweeh the n+ and x in fhe o mass band is the w Dalitz
plot distribution in X = (T+ - T )/QJ3 (or in variables which are
simple functions of X such as_the di-pion ﬁasses).

Returning. to the Dalitz plot analysis, wé show in Fig. 9 t.he ®
Dalitz plot and projections for wA & (conditions (3) and (5)) events in
the t' inﬁerval (7). The data is seen to be skewed towards positive X
as would be expected if the amplitude interfering with the w had the form

-+

BXT (with B >0), indicative of an I =1, J'C = 17" amplitude. The
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dotted curve in Fig. 9b represents the expected distribution if no inter-

ference were present (i.e., B = 0). A fit of tﬁe daté of Fig. 9b to an
empirical amplitude - | ,

. T (1+ BX) | (8)
gives a X2 of 9.7 for 6 degrees of freedom, compared to a X2 of 18.7 for
a model with B = 0. Thevvalue of B which‘minimizes the X2 is

B = 0.67%0.22 .

The Y distribution calculated using B=0 and B = 0.67 are néarly
identical; Fig. 9c shows that the calculation ﬁsing B = 0.67 agrees.
well with the observed Y distribu;ion. Further évidence concerning the
Dalitz plot population for these events is given in Fig. 10, where we
show the distribution in A (see Egq. (4)).

The curve on this figure is

from a calculation which assumes that 5% of the data is from a phase

. space background (and therefore uniformly distributed in A) as deduced

from the x+n-n° mass distribution (Fig. 5), and the remainder from an
0, & =17

O amplitude and an I =1 amplitude yields a vanishing contribution

I

state. (We note that a possible interference between an

I
to the A distribution, which is sensitive oniy to the intensities of the
two states.) For comparison we show in Fig. 11l the A distribution for
all o events (Eq. {3)), which also agrees well with thé”expected I= d,‘
jP=1' ' o

The measured Dalitz plot dependence of this interfering amplitude

distribution plus a fhase space background.

is evidenée that the isospin of this ﬂ+ﬂ-ﬂ° state is I = 1, so that our

' -+
result may be viewed as the observation of a JPC =1

state. We
paution, hoﬁever, that our analysis offers no evidence that this state
is resonant. Also, since only the & =1 component of the interfering
amplitude survives our experimental integration over the decay angular

distribution of the normal to the w decay plane, we have no information

AN
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: . + - .
‘ that the interfering s «x ° system 1s produced in a state of definite

spin-pa.rity.
In view of the la.ck of informatlon implled above, a.nd the small but

nonva.nlshing probability that our observation is a sta.tistica.l mischance,

: ela.bora.te speculation about the properties of the interfering amplitude

does not appear wa.rra.nted at this time. We here wish to point out,

v however, a few further expenmental features of ‘the data which may be

) releva.nt .

First., we. note that the a.symmetry is associated with w. events pro- .

- . . :
d_uced opp_os:l_;te a A . This is demonstrated in Fig. 12a, where we show

. +
the asymmetry as a function of pnx effective mass for events satisfying

eonditions (3)‘a.nd (7). YWe observe that the asymmetry is large for
I»Ll60v s M_(p:;+_) = 1320 MeV, in a.gree_ment with the observed shape of the
AH(1238) (see Fig. 12b). “

Second , We present a brief discussion of. other phenomena observed
for wA events with t' < 0.2 (Gev/c)? at 3.7 GeV/c. | In Sec. IIIB above
ve. reviewed tne observation of p-w interference in our data; the data
indicate p-w coherenee for t' values up to at least 0.14% (GeV/c )2, and

Larger values of t' cannot be ruled out by our 'dat.a.. 'We return in Sec.

IVC to a discussion of p-o interference as a poesible mechanism to pro-

’duce the observed charge-asymmetry. A_nother interesting feature of the

wA da.taio'
system density matrix element for the o) in the t' interval [0.1h, 0.20
(GeV/c)®]l. We can establish no direct relationship between the dip and
tne Daiitz ploﬁ asymmetry due to a lack of adequate statistics. We note,
hoWever, that similar reasening as applied above to the distribution in

A leads one to conclude that the £0,0 do/at' dip, if caused by the inter-

ference of two amplitudes, necessarily involves both the @ and an eddi-

1s a aip in oy 4 do/dt' (where Po,o 15 the t-channel ccordinate
B4 .

: 4 -
rofa.n‘I;éO o=
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tiopal I = 0, 0 =17~ background amplitude. Thus one would have to
relate two amplitudes of opposite C if one wished to consider a common
mechanism for these two effects. ‘

Finally e comment on the statistical si’gnificance__qf the observed
effect. The asymmetry in Table Ic gives a vaiue for @, that is 3.5

standard devia.tion's' from zero; since our t' interval was chosen to maxi-

. mize the. asymmetry, thié-proba.blyvrepresents an upper limit to. the sigai-
'ficance of the e'ffect. We a.lso note that one of the more str:.king fea-.

. tures of F:Lg. gb. is the large. contrlbutlon to the a.symmetry of the bins

bordering on the value X = O (* 0.03); omitting the tvo central bins
from the asymmetry caleule.tipn give a vdlue fqr & of 0.150£0.057, indis
0 is not & ful explanation for our asym=

metiy.. This conclusion agrees with the X2 fitting for the pa.r_ame.t;ér B

cating that this effect at X =

(which is three standard deviations from zero), since the models with ’

=0 and - B =0.67 are very similar near X = O, and the bulk of the-™"

X2 difference must". come from large Ix|.

IV. DISCUSSION AND ANALYSIS OF RESULTS

(o]

- A. Upper Limits for ® = m a n°_ with I £0

The null results 'cited in Sec. IITB for the Dalitz plot ’asynmetries
for our entire w sa.mple (see Table Ia) can be used to infer upper llmlts

+.
to the I#0 o= =« bs “x° decay fractions. However such upper 1limits

- + = 0

are mea.ningful only if no other J‘P =1 nnnx amplitude is produced

coherently with the w.. The presence of such a.mplitudes could. entirely

mask the presence of an I ;é 0 o decay mode; in this Section we ignore

"this complication. Should a different experiment establish the exietence

decay fraction inconsistent with our measure-

ment, then the results of this experiment would have to be reinterpreted.
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As an explicit example we consider the I =1 n+n-n° decay mode of
the w, and neglect a possible decrease in sensitivity due to finite mass

1
tions may be neglected), we may relate the values of {al,ai} to the

resolution. Then for o. and aJ'_ small (so that their guadratic contribu-

branching fraction, Ty /T ‘o © > A x® with I =1 toallo®

decays:
: Q.

2 ' ' L
dra® ey 0y
C{x] /(1P

,Herev we have used the convenient notation

(z)=ffz|?1’|2-dxdy ;

all X
all Y

Ty (@) Te =

with our choice of wnits (X°) = 0.0133(1) and (||} = 0.0960(1).
Including the effects of finite mass resolution, we measure (see Sec.
IVB below for details)

1“1((0)/1"‘D = (9.7£7.8) x 1o'lL .

Present theoretical ideasll which attribute the violation of CP
s R . + -
invariance in Kg = n nt decay to a violation of C invariance in an
interaction HF (characterized by a dimensionless coupling constant

2 - -
Fmp ~ 10 2, where mp is the mass of the proton) suggest a value of 10

N
ﬂforA Pl(m)/rm if I'*Itha.s a |AI| =1 part. Our measgred value for
Fl(w)/rw is consistent with such an estimate, as well as with the value
I‘l(w) = 0. Thus our data cannot test the I-% hypothesis, so that further
refinement of our analysis does not appear warranted at present.

The measured asymmetries for I =2 and I =3 yield values of
E(w)/r‘m and F3(m)/rw close in magnitude .(a.nd error) to Pl(w)/rm' Thus

- ' + -
to the order of 10 3 in intensity, the w = n =« ﬂo decay mode is iso-

spin consérving.
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. + -
B. Upper Limits for p° = n s 7o with I £ 0O

Proceeding in formal analogy with the discussion of Sec. IVA above,

we use the data in the kinematic region of known p-h) coherence to infer

. + - .
upper limits to the I ;é 0 p9 = xn Ko_ decay fractions. The warning
in the above Section about complications which ensue if other competing

coherent amplitudes exist is equally applicable here. In fact, if a

~-large. p = 3x signal with I 74 0. had been observed by us, then ‘the

analysis of Sec. TVA would have been invalidated. The observed riu;i
resulﬁs of Table Tb indicate that the possible existence voi’ p = 3x
decay modes with I ;é O does not require a reassessment of the reféults
of Sec. IVA.

To interpret our null results as providing upper limits to the .
po s :r+1t-n° decay rates with I ;4 0, a model is ”required for the mass
dependence of the p — 3 amplitude, and for the deg_ree of coherence
of the p and w production amplitudes. We here assume that both the p-
and the ® have simple Breit-Wigner mass distributions .

1">\ 25

bx(m) = m, - m- il"x72 ’

with values of the masses and widths taken as

m = 78k MeV, T 12 MeV
w ® A

and mp = 760 MeV, r‘p 120 MeV.

For the p our neglect of phase space and angular momentum barrier consid-
erations will tend to underestimate the fraction of events which are in
the neighborhood of the w mass; thus this mass distribution yields an
overestimated branching fraction for p = 3n decays. Similarly, we
underestimate §, 'the p-w coherence factor, with the mezit.su:c'ed12 lower
limit <:;f 0.6, which again vwould lead to an overestimate of the p decay

fraction.



.

the fitted mass of the ® in this kinematical region.6
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As an explicit example we consider the I = 1 nfn-no decay ‘mode

'

of the p°. For this special case Eq. (4) of Ref. 4 may be written as
d3n

ImaxXat = IA |2 IA |2+2§ RB{AA}
where
IA 12 p Ih/Zn {E&E
(m -m?+ (qn/z)
-:iAle = ‘ YDi Tl Xalqla
' T (m, - w2+ (T /2)2 (x2)
and

R

—
(m -m-l—P-)(m -m+1—)

Re[A A ] = Vi ¥ (rm/znjirl/zx) Re-{

X* 2
[(1)@2)]172

‘Ib fa.cilita.te the a.na.lys:.s and show the connection between [al al}
and {1‘1,51}, we present :Ln Fig. 13 the calculated s.symmetries as & fune-

tion of al - B- for the observed experimental conditionsl3: m.= 570,

N, = 2500, & = 0.6; we Fix I‘:I_/I‘p at a value of 1% (for small values Of

o, the ap will scale as \/I‘I-h'?b.).

uring precision (o0 =

The solid curves assume perfect meas-
0), vhile the dotted curve uses an ® mass uncer-
tainty of o = 15 MeV, chosen as a typical error calculated by SIOUX in

. . . (For a, the curves

for o© =0 and 0 =15 MeV are almost identical; only the o = O curve
is shown for this case.)
Since al and ai are both within one standard deviation of zero, we

can extract no information from the daté. on the phase Bl - B. The meas-
ured values of a and a:'L lead to the estimate (calculated using the ‘same
pa.rameters and model as for Fig. 13) '

T /r = 0. 003:o 012

applicable to the possible decay modes of the p° to I=

-184_: ' UCRL-20618

(where the error is conservatively estimated by assuming that both a

and ai are as large as their one standard deviation values). Thus at
the 1% level in intensity we have no evidence for the |AI| =0 c-

violating decay mode of the p° i v:r+1r-:t°. A similar statement.is

2 and I=3
+ -

TR no states.

" _’.I ,C. Analys:Ls of the Ch ge symmetry

In thls Section we remark on a few possible- theoretica.l expla.na.

-tions of our observation of a charge a.symmetry on the w Dalitz plot.

Our first comment is.:tha,t this effect does not appear to be directly
related to the existence ofe. |az| =2 deca& of the w (see Sec. IVA),
since such a decay would yield a charge a.symnetry for all a) events

( independent of pro_duction process) R e.nd not for only the restricted

£ 0.20 (GeV/c)2.
1

subsample of w's produced oppositev a 'AH'" with ,_0.08 = ¢!
Another pos_sible origin for the J'Pc = l_+ state is a conjectured
|AI| O C-v:.olating deca.y of the p « As discussed in Sec. IVB the p
and ® productlon amplitudes are coherent at 3.7 GeV/ c for A events
with  t' < 0.1k (GeV/c) . In fact this coherence may well extend to

larger t', although our da.ta. lacks the statistics to prove thls assertlonr

Thus the klnema.tic region in whlch the ® Da.litz plot asymmetry is observed

.overla.ps the region of esta.bllshed p-w coherence » a.nd may coincide w:Lth

it. However it is difflcult to reconc1le the observed t! dependence of

10 ¢ dependence of

the a.symmetr_y as illustrated in Fig. 4 with the known
0 ++ i : ' i

p A and wA production at 3.7 GeV/c. This hypothesis cannot be ruled
out in a model-independent fashion by our data alone. A definitive proof
that p-w interference is not the causal mechanism of our observed asym-

metry would be the observation in a different experiment of coherence

between the p® and w production amplitudes with no associated Dalitz
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plot e.symmetry. l |
An explanation of the observed charge asymmetry which does not
require a":vi-ola.tion of C invariance is the mechanism of Yute and Okubo,3
which invokes the existence of a'coherem: n+n_n° bdci;ground. While such

a background would in general consist of a mixture of isospin and a.ngula.r

M-momentum states, charge a.symmetry in [0 decay would progect out the pa.rtic-i

ular component IG l N J'PC = l From our data. we can calculate ‘the
ma.ximum expected contribution to the asymmetry following the method of

" Yuta and Okubo (see the-der_ivation of Eq. (8),_of _Ref. 3)

onT° N_.1/2
_ o B .
oy = b g1 0834
"where NB’ a.ndN are the number of background é.nd w events within the .
_mass interval [M . Lo s M+ [’“] the numerical fa.ctor 0.834 a.rises

2.

from the non-uniform Da.litz plot population for J‘P = 1 . ..Choosing _

An 40 MeV, we mea.sure NB t0-be 15, and N “to be 336 Evalua.ting ooy

for I‘ = 12 MeV "we find that for our data

= - R amax; ():;éu - .
“The observled va.lue of a is 0. l79iO 051, so tha;t a fraction O.56t0532 of
the’ ba.ckground must be i o = l ' IG 1". Thus vhile our ba.ckground
level is entirely consistent with the a.mount required by ‘the Yuta-Okubo
mechanism, e also note tha.t a relatively large fra.ction of the back-
ground must ‘be in this specific state.

Another possibility which is fully consistent with our data, but
which cannot be established, is that the JP c sta.te is a.resonant
: ste,te» p nea.rly _degenerate _with the w. - .The existence of such a state is

ik

forbidden withinvthe context of a qE quark model, but is a.llowed_ iif .

quark excitation models (e.g., 9aqq) were valid. We also note. thallt. some
15

models > which ascribe the violation of CP conservation in’ i(%-’ A

i of this asynnnetry is a'.” J’Pc él' , I7=17

or as the existence of a IAII
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. Lo v J'PC -+
decay to a violation of C invariance predict the existence ofaJ ~" =1
state near the mass that we have Observed.

The production mechanism of this exotic state S-need not.be exotic; -

. G-parity seleCtion rules suggest that p and B exche.nge e.re allowed in
the t;channel, just as in,.the 'c'a.sev of w product’ion. . One way to under- .

. sta.nd the restriction of the a.symmetry to the observed small t' 1nterva.1 v
‘.is to postula.te that the exotic state p is produced via p- exchange 'Ihen

"~ the production amplitude will vanish in the forwa.rd direction ( if the p

has an Ml coupling at the nucleon-A vertex), a steeper t dependence

16

than that of B exchange 'in uA production is:also required to cause

' the vanishing of the asymmetry at t' 2 0.2 (GeV/c).

V.’ CONCLUSIONS

We have observed no evidence for o or p° decay to n x 7° final

States with I # 1. Model dependent upper limits are detertiined from
'_“the ddata to be much iarger' tha.n would be expec'ted from currently accepted

‘theories. A sizable charge asymmetry has been observed on the ® deca'.'yv

Dalitz plot, for a restricted sample of w events:. A possible cause

-+, ¢ 'comp‘onent ‘of the’ background

benea.th the () that is produced coherently, a.lthough other interpreta.tions_ s

;such as the existence of an exotic resona.nce with these quantum numbers, ]

O C-viola.ting deca.y mode of the p
cannot be ruled out by our data.
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Table I. Delitz plot population of the ® and background mass regions..
- The. values of a7 and aEhare corrected for incoherent background as de-

scrlked in the text.
in 7 x"x® mass interval (MeV).

e errors quoted are statistical only. .Events

= = N

E DO-DI 684-734  734-784 T84-834 - 834-884 a ai
!a} All o |

L0 371 1580 1780 698 . .., e
10 L 0.026£0.021 '-0.028+0.021
>0 387‘ 1789 1923 . 910 : S

, SO 3 1610 1746 ™" - :

‘ o 0.035+0.021  0.0L1%0.021
>0 419 1759 1957 862 :

5 <0 365 167k 1880 770 : .

_  -0.028+0.021 -0.019t0.021
>0 393 1695 1823 838 >
(b) &A™ in, ' < 0.14 GeV® |
L <0 10 149 154 17 o 7
; 0.045:0.046  0.000+0.
>0 10 163 169 20 ' ,51 1000£0.046

, SO 5 Wy 167 . 19 o -

v v : ' -0.010t0.046 -0.037+0.046
>0 15 163 156 18 : 5t

5 <o 10 . 154 165 20 :

3 oo . 0.000+0.046 -0.017%0.
) 10 158 158 17 T oue
() a™ in, 0.08 < t' < 0.20 GeV?

L <0 8 103 104 .15

: : 0.1790.051 -0.037£0.051
>0 3 47 132 12 : STE0-0

, S° 5 122 19 10

) ' -0.009t0.051 - -0.02210.

>0 6 128 117 17 91 > o

; <0 8 116 116 12 _

0.054£0.051 -0.037+0.051
>0 3 134 120 15 o ® 3100
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Fig. 1. Distribution of the =n = Ko effective mass near the w region for -

all events fitting reaction (1) (16,617 events plotted twice). (a)

X<0; (bYyXx>o0.

Fig. 2. Decay Dalitz plot for all w events (4691 entries satisfying

Eq. (3)).

’ tributiozi.

with t' < 0.1k GeV/c)

(a) Two-dimensional plot;

(b) X distribution; (e) Y ais-

The curves on the projections are described in the text.

Fig. 3. Decay Dalitz plot for « events produced opposite a A (1236)
495 events satisfying Eq. (3), (5) and (6)).

(a) Two-dimensional plot ;5 (b) X distribution; (e¢) Y distributio_n.

The curves on the projections are described in the text.

Fig. k4. Production angular distribution for aA events (Eqs. (3) and (5))°

for each half of the w Dalitz plot.

'A™ events with satisfying Eqs. (5) and (7).

‘Fig. 5.'vDistribution of the n+n—n° effective mass near the w region for

(a) X< 0; (b) X > o.

'Fig. 6. Same distributions as in Fig. 5 but now t' < 0.08 (Gev/c)z.

Fig. 7. Same distributions as in Fig. 5 but now." 0,20 <t'L1.0 (GeV/cf%

Fig. 8. Distribution of the difference in kinetic energy.of the nf and

% in the ® mass band for wA events in the t' interval 0.08 < ' <

0.20 GeV/c)

(380 events)

(a) Kinetic energies_evaluated invthe

laboratory system; (v) kinetic energies evaluated in the overall

center-of-mass system.

Fig. 9. Decay Dalitz plot for w events produced opposite a Af+(1236)

with 0.08 < t' < 0.20 (Gev/c)2 (380 events).

plot; (b) X distribution; (c) Y distribution.

(a) Two-dimensional.

The solid curve repre-

sents a best fit to the X distribution with B = 0.67; the dotted

curve represents the expected distribution if there were no inter-

ference (B

0).

See text for details.
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Fig. 10. Distribution of A (see Eq. (4)) for oA events with 0.08 < t'
< 0.20 (GeV/c)2 (380 events). The curve is described in the text.’
Fig. 11l. Distribution of N for all w events (4691 entries satisfying

'Eq. (3)). The curves is described in the text.

~ 1000 ———

Fig. 12. Distributions for o events with 0.08 < t' < 0.20 (GeV/c )_2. [ T ]
(a) o, as a_functidn of the ‘,pyr+ (recoiling against the ) effective % L ; o 1 [ '
mass. - The values of ay are“calculated ‘in.the same manner as.in: ‘ = 750 ol | R b SEEEI R |
Table I. (b) Effective mass distribution of the pr  system recoiling o 11 '

. : ' - : —i 1 1
against the w (the w mass band is defined by Eq. (3)). _ 500} [ ]
) ) ~— s ]

Fig. 13. al and a]'_ as a function of ﬁl - B. See the text for details L )
of the calculations. ™~ 250 ‘

n s |
Z _ -
= 450 700 950 450 700 950

M(mta—n0) - (MeV)

" Fig. 1
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APPENDIX

Final State Correlation Studies

Among the possible causes of the observed w Dalitz plot cha.rge. asym-
metry are effects which may be called dynamic, in the sense that .there
may exist in our data different forces on the\n:l; and n . associated with
the w. Another cause of such an asymmetry could lie in the selection
criteria. for our event sample, with bia.ses a.ttendant on an. injudicious
choice of cuts. In. this Appendix ve consider detailed comparisons of
distributions for the :r;; and n , which in principle could reveal the
Presence of these two types of effects. Other mechanisms to produce a
spurious charge asymmetry, such as a possible measurement bias in the
reconstruction of :t:) and n momenta, are considered in the text.

We explore first the possibility that the incident :r+ beam is
responsible for the observed charge asymmetry by virtue of the peripheral
nature of high energy interacticns, s0 that the outgoing n; retains, .to
some extent, the incident beam directicn. Then we would expect to see
& peaking in the o rest frexne of the It:; in the direction of the incident
* (o° polar angle in the t-channel or "Jackson" frame), and, to the
extent that the w is produced periphera.lly, in the direction of the out-
going (O in the s-channel or helicity frame) For the wh events in
the t' region of the observed asymmetry [Egs. (3), (5), and (7)] no
si_gni'fica.nt difference between the n:l; and the x angular distributions
is observed. In illustration we show in Fig. Al the o deca.y angular
distributions in the helicity frame, including both the 7° a.nd the er
(associated with the AT ) for completeness. Thus within statistics we
find nc e_vidence_which correlates the beam or o direction with the pres-
ence of an w ché.rge asynmetry.-

Another feature of the date which could serve as e. cause of a.charge

- to the “A‘

‘the &' 'I.'he similarity of the M(!t T ) and. the M(:r
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asymmetry is the presence of two :t+'s in the final state, Eg. {1). A4~

- possible confusion of these two identical particles leads to both a

dynamical (Bose Symmetry) and a selection bias (choosing the "wrong" o)
contribution to the asymmetry. In Fig. A2 we show that. for our data

[as above and for the remainder of the' Appendix we consider only the
380 events satisfying qu_s. (3), (5), and (7)] the :r and the x  have the
sa.me angula.r distrlbutlon in the overall center-of—mss system relative

If Bose Symmetry effects were 1mporta.nt we should ha.ve seen

a clustering tovard +1 for x,-x, relative to x,'x . The fact that this

effect is small may be interpreted as implying that the overlap of the

wave functions of the two v:r+'vs is small, in agreement with the notion

-»the.t the pions propagate separately within the w and A until these reso-

nances decay.

Ve next consider_various' effective mass distributions for the final
state pa.rticles, again .comparing the n; and the = . In Fig. A3 we show
the w decay pions in combination with either the “A or the proton of
7 ) distributions
is additional evidence that the Bose Symmetry effect is small. We also
note that we see no significant evidence for p° production in the event
sample studied.

e consistency of the distributions of M(pr) and M(px ) may be
considered as eﬁdence that final state interactions between the proton

and the @ decay pions are not important. Another way of interpreting

‘the apparent lack of a strong A'H'(1236)" signal in the .M(p:r:l;) distribu-

+ .
tion is that for our data "double A" events, in which each n in the
++
final state is associated with a & ', are not a serious source of con-
tamination.

' . +
The three-body effective masses, using again the Mp Or the proton

e
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of the A++, are shevn in Fig. A%. In particular we wish .tob point out
the absence of a strong o signal in the M(J‘[Zﬂ-ﬂo) distribuf_ien, evidence
that -"vdouble " Ievent's are not a serious problem. Thus we find no evi-
dence that our selection criteria have induced the observed asymmetry.

In Fig A5 e show the effective mass distributions of the A

s combined with one of the w deca.y pions, in a search.for final state

+
intera.ctions. One possibility for a difference in t.he S and % distri—
butions could be the appearance of strong resona.nce forma.tion in the
= Z_L/2\N vchannel'Aﬂ > while no enhancement would appea.r in the

+ e
= 3/2 Ath channel. Our data does not offer evidence for such an

: effec’c. .

Finally, we show in Fig. A6 the di-pion mass distributions for the

»pio‘ns_ within the o. Here a difference between the :t+. and n distribu-

tions is quite evident, as is expected since these mass combinations

are intima.tely related to the Dalitz varisble X = (T, - T_ )/QJ"

EVENTS / 0.1

-ua_

r

400

oFfr

. XBl 712-198



EVENTS / 0.1

“h3-

60

AT

PRNP W TS R S Wy

AR Zn Zne SEn AV Su Sun e Sun Sme g

P

ok oaa o Lo o

| ©
—

XBL 712-199

Fig. A2

EVENTS / (50 MeV)

50 _
; . M(niny)
_'25 + ‘
0 %
- M(TTZ’W_) 8 )
25+ - - " : “
[72]
0 0.l g
50 r £
. : =]
_ M(nfn0) :
200 800 1400
Fig. A3

ol . '
1000 1500 2000 - 2500

XBL 712-202



Q

Q

g

o

d

EVENTS / (50 MeV)

-45-

50

25}

 M(nfminO)

50 ——

25}

M(ntmn)

0
400

1000

1600

Fig. Ab

EVENTS / (50 MeV)

50

25f :

50

| ,di’rJIUJLPJlJ11;
oL T E—

0. e

50 v
| M(prfnT)
25

0
1300

1900

XBL 742-203

2500

EVENTS / (50 MeV)

B

" 1900

Figo A5

2500

XBL 712-200



EVENTS / (20 MeV)

XBL 742-197

TN



£

3

9

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents

" that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION

-~ LAWRENCE RADIATION LABORATORY

 UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

i

[ N8





