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. We prééent here additional data on the n2% meson. 12 we ting that -
. this meson decays via 'all-neutral, rta<q, and rtw"y 3 modes, and most R

probably has the quantum numbers TJ PG, ¢'00'+. This result follows from

the analysis of the decay correlations in the 77"y mode. The all neutral .
o decay mode is observgd to yleld ~8 photons on the aver;.ge. from the |
>direct obsérvation of the gamma rays associated wifh these events. ' |
' ;Braﬁching ratios for the various decay modes have been determined. |

In the current 72-inch hydrogen bubble-chamber experiﬁmexit. the
chamber has been exposed to 2.45-, 2.55-, 2.63-, and 2.70-BeV/c K~
- mesons from the Bevatron. Approxlmat;ly 525 000 picthres have bee‘x; L

taken to date. The réactionﬁ of interest in this paper are

K°+p= A +nrt+n7) . for n 2 1 . | 1y
- A4 n(.""' + ﬂ’.) + (wo or Y) for n® 4 ~ . : (2) ' ‘, : -
%"fff\;and ‘ - A+ rh(w"'+ )+ MM . form >0, S (3)

L “where "MM" denotes missing mass in those channels which are kinematically ERN

underdetermined, i.e. » where two or more neutrals are missing, We have :

| selected a subset of the events from reactions (1) through (3) in which the
;... mass of the system recoiling against the A i{s in a wide band about 958 MeV
 [o.80 = M € 1,04 (BeV) ]. and fitted these events to the final states

o Aw+‘u;‘y and Artw"q [including subsequent decay of the n for reaction (i)

with n = 2] in addition to the usual hypotheses. ! We can separate out th’e'

i

i
!




substantially reduce the background.

the Syracuse-BNL collaboration.

' no apparent structure, whereas the w
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Awt 7"y and Antx"n final states without a momentum-transfer selection AR e

1{n thie way. However, for the an‘alyse.a of this paper, we use only those

evehta with low momentum transfer [A:; AS 0.5 (BeV)z] in order to

We summarize here the conclusions found for the possible Jp assignments ;

from an analysis of the n* 7”1 decay mode, as done by ou.rwl'ﬁres1 and by

3
events, containing less than 5% background are very similar to the firat

61 events shown in Fig. 3 of our preceding paper. 1 The w*n systems show )
+

" around 350 MeV. All J¥ states excepf o' are allowed. We consider all

——

' J< 2. The angular distribution of the decay as viewed in the dipion rest B

. frame is essentially isoi:roplc.4 This rules out J¥ = 1° and 2% for charge

conjugation C= %4, and 0~ for C= -1, The morentum dependencies of the .

~ decay are not favorable to the assignments J'P= 1% for C'= +1. and 2~ for

C=-1.5 We conclude that J = 0" and 2" for C= +4, and 1% for C=-1 are .
all compatible with the n*v"n decay of this meson. 6
_ We now turn our attention to the evidence for the ‘wt#”y mode in our

data. >

- events that do not fit Aw*w= and (or) Z°r* 7~ are shown in Fig. 4a. These

events fit both the 'y and n° hypotheses. The better fit '18 chosen as correct.:

however. We oee that the M(nt7"y) peaks at a mass of 958 MeV [0.92 (BeV) ].’ R

. whereae the M(r* »=w?) does not. In addition, we have aearched for gammas

~ liquid hydrogen of the chamber, or make Dalitz conversions, assoclated

‘that are "visible" ‘due to pair conversion or Compton scattering in the

[

: .. with all passing and failing events in our selected sample (see above) for N

© reactions (1) through (3). The search has yielded four events that fit the

Our data (not shown) for the 124 =+ nn

" system indicates a possible peaking :

The Mz(w*"«"y or v*x=n9) distribution for all Avtx~y or Awtw w0
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events are shown in Figs. 1, 2, and 3 as w*w Yy ) The 40 nt ="y and

also requires a strong n* interaction. which can only be the p for the

(vt n") masses available in the decay. 8 'I'hus C z «4 {8 ruled out by the

_ density on the boundaries can only be checked along the vy axes, and ' .

e UCRL-11585 . .+
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4- constraint Antn=y hypothesis. but do not fit either =%t w- or Aw+1r'1r°,
where the w° decay yields a nonzero energy for the second invisible" I Denl

gamma. These four events all have Mz(n+w'y) in the .rangc 0.88 to .. '

10.94 (BeV)?, with two also having AZ 4 € 0.5 (BeV)®. (These last two

97 ;"3'
32 AR R L events in the interval 0 90 M (wtw”y or wtn- 1r°)< 0.94 (BeV)

~along with the 2 rte- Yy events are shown in Figs. 1b and 2. The MMZ

distribution (Fig. 1b) shows two barely-resolved peaks at the y and w?

e
i
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. masses. We conclude that the nt -y mode exists, and is fairly separable

from 3w events. The background in the accepted wtw"y events is less than = . e

~30% (see Fig. 1).

i

The Dalitz plot of the w"'s"y system is shown, along with the 3w events,

in Fig. 2 (we use the events selected for Fig. ib in the remalining discussion). e

The data show a striking deviation from uniformity, which is not attributable

' to biases involving the ntw=y/37 separation. as the 3w évents attest. The

. simplest matrix elements and angular dependencies for electric-(E.D,)

and magnetic-dipole (M. D.) transitions into w+ n-y for J<2 are givenin -

Table I ({ denotes the "spin" angular momentum of the dipion system). 7

+

We have ignored 1F=0 since it is not euowed for the v*w=n decay mode.

PC

Only J° "= o~ vanishes all around the boundary of the Dalitz plot as do '

the data, However. the observed depopulated area at high gamma energy -

Dalitz plot. With a strong p final-state intera.ction. the’ vanishing of the .'?i»"fiv

the data are not convincing without a subtraction of the estimated background. i
The M (wtw=) and cos 6 nty distributions are shown in Fig. 3, along with the

estimated background subtraction. The 07 (with p) and ein?@ curves
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agre‘e well with the data (the angular distribution is not chénge@ by the

S 'Only the asaignment ¥
- and 3.

. of the decay. The absence oi 37 decay (see Fig. 1a) implies that the decay
. “into wtw= n i2 not electromagnstic. 10 Thus thia meson dccaya etrongly
e into #tw"n as well as electromagnesicany into vte”y, yieldlng T = 0.

" since T=2 is ruled out by the production rcaction.

C d“ﬂ)' is %2%; a 2y mods is allowed, but should be very small, - The el

| T—

. a detection efficiency of ~4% per gamma ray, 1_3 and eatimating the background T
o ' ae less than ~8. events (out of the 25), we find (25*2 8)/0'04 = 475 photons
| . associated with tho 54 all-neutral deca.ya. or 8,8:&2,9 photons on the average.-i,.

+7 The MM

> . is shown in Fig. 4b, along with a phase-space curve (which ignores the "w0 .

" consistent with most of the all-neutral ?decay Being due to w®w%n, No events '

" not favored, and is quite unlikely in view of the background subtraction.

" The assignment of T =0 {implies that the major portion of the all-neutral

" resonances" among the photone in the decay). Both pleces of data are

t ‘wers observed that correspond to 2y or ny decayi the upper limits for .
2 gsuch decay are given in Table n. '

e p enhancement's inclusion in the matrix element). Comparing Table I f ' j '
and Fig. 3b, we see that Jpa 1* 1s definitely ruled out for C= +1; 2% la T

PC.o- completely agrees with the data in Figs, 2

9

For the n2w system, C=G=+1 implies T=0 or 2 for the final state ="

14

The branching fractions for the varioua modes are given ln Table 1.

search for "vieible" gamma rays discussed above hao ylélded 25 au-neutral .
events. 2 Fig. 4a shows the distribution of M[neutrals + (0, 1, or 2)y].

It s apparent that the neutral mode of decay of this meson lnvolvea a

larger number of photons on the average than does the backgronnd. Uslng

2 of all the remalning “invisible" photons in the all-neutral decay

N
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In summary, we conclude that the 958-MeV n2w meson? has the '
quantum numbers TJ* Oz 00™*, a heavier eta-like meson. 1> It remains * - - PR e

‘to be seen whether it is the ninth pseudoscalar meson--i.e., a unitary ‘

singlet as conjectured by Gell-Mann and Schwinger and othera‘.b--or the

. T =0 member of a heavier pseudoscalar octet as conjectured by Zemach. :"7

We wish to acknowledge'thé support and cooperation of 2ll Bevatron

B _and bubble -chamber personnel, and of the scanning and measuring ataffe.i :

' as well as the many other éhYaicists_ involved in this K= experiment, We =~ . - LR
especially thank Professor Luis W, Alvarez for his stimulation and |

encouragement, Dr. Joseph J. Murray and Dr. Janice Button-Shafer for 5

| providing the K* beam, and Professor Charles Zemach for helpful

. A\
discussions.
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Table 1. Simplest matrix elements for decay into the ¥ v~y system,

via electric-(E. D.) and magnetic-(M. D.) dipole'tr#nsltions. Here we §

have p = Put - Bpes Kp=8X R K= BXp)Xpys 9g=RX Kgv
andlst pX EM; a is a unit pseudovec;or along the direction of the

;
:
St
i
i
¢
K

FON—

magnetic field of the photon, and € is the angle between the

w? and y in the dipion rest frame.

1 Mode Matrix element Angular dependence’

-M

STd 00 4 MDD peky stn’0
| #+ 4. ED. g 1+ cos’ 8

4= '1 _ M.D. | S - L 1+ cos” 0

2t 4 E.D. %me-‘(é/i)lg.'lja o 6+ sin” @ B
.27 4 MD. pk,+kp-@/3)pk, o 6+stal0 -
-1 0~ (forbidden via dipole mode)
| MD T ky IR UR
R R D
M.D. . 1 BS.M+ R P cosze
E.D. . Pdgp + 9pR - : o 4+ cogzﬁ o

»
]
N N o O
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: g LTable 1I. " Decay branch{ng ratios of the 958 -MeV meson.

o

: _ | Detectionb Branching
Mode o Events factor fraction

 Allneutrals - 5441 030  0.250.05 o
wtnoneutrals . 4048 027 | .0.05%0,04 . —
U wtwtng® 6829 027 0.3620.05
TR At 4427 ., 0.55  0.42%0.02

whety 0 4247 0,27 0.22 % 0,04

Total 218 * 49 - 1,00

ettt 726 0.27 <0,
Cowrewn L 3s7 021 <o
N ~ | thr+21r"i',"'_";v 0. 0.55 < 0,04
. C2wtel2e- . 0 085 0 <0,04
| 3t 3n" 0 a0 < 0,008, -
zwtze2e- . 0 - 085 . <ot
| 2y \4 . 2\ - . - [o.s
or | .. ' or | X (~0.04)X 0.30 <| or
0y R i/, . \0.3

o

e 'Number of events above background with Z\; A0S (__BeV)z. : o |
oo C ’ ‘ S

v b. Nﬁmber of évents in the appropriate topology which were
| meaéured and which passed all acceptance criteria
‘divided by the number found in the first scaﬁnlng of
,v approximately 525000 pictures. . g

€. TN st_ands'fdr ) *v"‘yr° 7" and ntw-y, 'a.nd_ n;\: stands fér_.

n - all neutrals. | | ; 7 N

o i d ‘These are of course a part of "all neutrals" l'igf'ed earlilei.r..’. '.._:;
' . but this {s an independent result from the gamma.-ra;y .

gearch (see text).
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5. . The matrix elements for vt 7~n decay are glven in reference 3
(except for one error: the J = 2 , Tai, C= 1 metrix element uhould

 be made traceless; the correct angular distribution then is 1 + (1/3) coez o

@ ” instead of 1). We point out that the concluelons of the Syracuse-BNL e :
T collaboration for the J assignments are not independent of ours, |
eince their analysis of 102 w* %" n. events includes our first 64 events -

of reference 4, In addition, we note that the 2~ matrix element for
V - © Ta0, Ca+1is a linear combination of two terms corresponding to L .

PC

(2,L)=(0,2) and (2,0). Consequently, J~ ~“= 2" -t is compatible with the

B da.ta. contrary to the conclusions of reference 3.
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~ in the gamma energy spectra of the various samples in this zero-orde?

i

. C. Zemach has shown that the Zeroes on the Dalitz plot for higher J P

- [Nuovo Cimento 23, 807 (1962)], according to which the matrix element :
.. for an electri'c-dipoj.ev transition must contain the factor ‘lgE.n §‘..X ‘E‘Y' o

and that for a magnetic-dipole transition must contain &Ma (ﬁX EY) X gy o

 this sample will be significant enough to confirm the isotopic-spin
' electrons. and 2 Dalitz pairs,

. the Zv+w'yv in the 42 wtw~y events. We have ignored differences
correction.

" our best value of the mass is M=958+4 MeV and of the width is I's 7 Mev. v

“9- . UCRL-41585 . |

values are very similar to those considered in the text, for AT = 2,4, {
(Phys. Rev. 133, B1201 (1964)]. | | i
We use here the suggestion of H. «P., Duerr and W, Heisenberg |

Here & is a unit pseudovector along the direction of the magnetic field

of the photon, so that ko is a vector and kM & pseudovector,

The only 1r L y matrix element that approximates the ata" apectrum -
" is J = 2" for Ca-i. howaver. the angular distribution pred&cted by

this matrix element doea not agree with the data,

vFor dipole transitions to py, oniy J=0,1,0or 2 is poasible.

Reference 3 gives a more detailed argument in regards to determlnlng e

‘e

the G parity of the meson. o
In the current experiment we have 2lso taken about 80000 pictures of - S

2.63-BeéV/c K~ In deuterium, The (expeéted) abgence of an effect in o

The 23- iy and Z-ZY events contain 17 converaion pairs, 8 Compton

>y -

An approximate detection efficiency was determinéd from a sample of B

199 Aw events, which ylelded 43 "visible" gammas, as well as from :

‘With the improved resolution of the Awte=~n fits and the largcr sample, P
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This christens the meson +nb according to the classificationof EE :

A.f H. Rosenfeld, Poasible Claseiﬂcation of Pérticles’ and Rgsongnces..' e

| .in Proceedings of the 1962 International Conference on High-Energy
~ Physics at CERN (CERN, Geneva, 1962), p. 325, v |
M. Gell-Mann, California Institute of Technology Synchrotron | RRSREE

Laboi'atory.lﬁternal Report No. CTSL-20, 1961 (unpublished); oL

M. Gell-Mann, Phys. Rev. 125, 1,067.(1962): 3. Schwinger, Fhys. S
'Rev. Letters 12, 237 (1964); A. Pals, Phys. Rev. Letters 12, 634
'{1964); C. Becchi and G. Morpurgo, Phys. Rev. Letters 13, 110 (1964).

. 17. - C. Zemach [Phyé. Rev, vg}_'?‘_. B1201 (1964)] suggests that since the *
o | rizembe'ré of the 7, M, K octet may be bound S-wave states of ° |
. baryon-antibaryon paira: then the binding force is so strong that there ‘L
: could be one or mére higher-;energy bound S states. These would have SRSy
the same quantum numbers as the "ground state” w, n, and K, but

‘would be heavier. - Co " B
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.  FIGURE CAPTIONS

I;"ig.h'i. : .(e) Dletribufions ‘of the effective mass sque.xfed of m* 7"y and’

ntw=n® {n the reactiona K"+ p=A+ntyn "ty and K™+ P -

AI+ 17*‘ + 7"+ 7%, The wtr"y events in whlch the y is not observed

are represented by the unshaded region, whlle those where the '
.y Yy 18 "visible" are indicated by the vertically-lined region;
i the ntw-w% avents arev, shown a5 tha shaded region. The stiaight
'iines iodicate the estimated background levels, The w* ==y
' reeollution function is also showx;. norma_lized to the number of
events in the peak. ‘ _
" (b) Distribution of the missing mass squared MMmE (y or 1r°). for :._"'

the 40 v¥r~y and 32 a*n- 1 events in (a) having 0.90 (BeV)

M (vt "y or w*tr'u°)s 0.94 (BeV) and for the 2 ,,+,,-Yv eventa.:

The sum of the appropriate, normalized resolution functions for

‘¢

MM2(y) and MMz(n°) {s shown.

Fig. 2. Dalitz plot of the events of Fig. 1b, with M (*"y or w=w?)
" plotted versus M2 (v*y or w“'*n'"). The quantity M (ﬂ'+1r y or nte” w°)
_has been normalized to 0.948 (BeV) for each event, The ldnematic I

envelopes are shown for the two different sets of events.

Fig. 3. (a) Diatribution of the effective mass squared of the vt w”

' system in the 40 v* "y events with 0.90 (BeV) €M (w"'vr y) < 0.94 (BeV)
and in the two n*«" Yy ("'visible' gamma) events. The estimated .7
 background contribution to these events is crou-hatched. Shown
.7 are the curves for the pred{eted distributions corresponding to .
| @Fao0", C='+1. no p) and @207, Ca+l, with ?) matrlx elements
‘(see 'Table 1). 'I‘he curves are normalized to the number of events, _’; e

excluding background.
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| .(b) ' Disti;ibuti;,.n of fhe‘e;renta in (a) ‘it; &e laxji!gle 6"+Y b.etweeg the :

S »* and the v, measured in the dipion rest frame. The normalized

- o curves of sin”@ and 1 + cszQ. represeﬁt the two extreme cases |
., for the matrix elements of Table I. . : |

e S Fig. 4. (a) Distribution of the square of the effective mass of the (ny +

neutrals) s‘ystem in the reaction K~ + P = A +ny + neutrals, where

o

n=0, 1, or 2 is the number of "visible" gaminas. These three ..

. caség are represented by the unshaded, shaded, and cross-hatched ° Ll

areas, respectively. The 6vera.11 estimated background is indicated TR

by the dashed straight line. and the normalized resolution functions

are a.lso_given.v ~ U L e | o
b) Distribuﬁoh of the 'ef_fe_cv_tivve maés squared of the néutrals in the 25
events in (a) having 1 or 2 ''visible" ggmmas. The cur§e represents}-»‘?.j"‘i,'__-'vi‘:"“}
‘an equal mixture of the phaae-apa;ce' distributions for, 5 out of 6 i

and 9 out of 10 gammas, normalized to the number of events,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
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