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ABSTRACT

The spih and parity of the « meson have been determined to be 1~

'by a quantitative comparison of the density of points on the Dalitz plot with

the predicted density of points. The simplest matrix element for the J = 1~
meson (which predicts maximum density of points at the center of the Dalitz

plot and zero density on the béundary) fits the data remarkably well. On the

other hand, the simplest matrix elements for l+' and 0  mesons (both of

which predict zero density at the center of the plot) do not fit-at all. A
quantitative treatment for higher J wvalues has not.been attempted. How-
ever, the simplest matrix elements for J = 2% and 27 also vanish at the

center of the Dalitz plot, and are again inconsistent with the data.
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In a previoua paper, "Evidence for a ’I' =0 Three Pton Reaonance 1’ 2

we presented da*a euggeatmg a spm asswnmcnt Jz 1° (vector meson)
'I'he density of points on our Dahtz plot was dep0pulated near the
boundary. and densely populated near the nnddle. This density was cumpared

with the three possidble eimple watrix slements £or J<€ 1. Their qualitative

| feature»rs are suromarized in Table I, which is alig,htly more detailed than the

version that we préaented eaclier. The meaning of the angular momenta

f_ and L is asp follows. The, matrix element is nnalyzed in terms of a single

pxon plus a dipxon. The pions of the dipion are assigned a momentum q ., and

" an angular momentum L (in the chploﬂ rest frame,) Then another pair of variable

P and_{ , describe the remaining pion in the w rest frame, 3. A T=0 state of

three pions must be antisymrmetric in all pairs, hence all three of the competing
matrix elements must vanish where any two pions "touch" in mowmentum space .

(i.e., q=0). This corresponds to regions b, d, and f, on the Dalitz plots in

-Fig. 1, D and £.

The three competing n:atrix elements have the following characteristicat
a. The axial matrix element (1- mes on) involves cross products of momentum

vectors and vanishes wlh,never all momenta are collinear. This occurs on the

‘boundary of the Dalitz plot.

b. The scalar matrix clement (0” mweson) vanishes whenever two pions have

the same enprvy, i.e., along the straight lines that divide the Daltiz plot.
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c The vector mafi{ix element (1+ ines;'an) vanishes ‘whe._never all three pions
have the same energy, i.e., at the center of the plot. In contrast to the scalar
matrix elétheﬁt. it does not vanish ét points a, ¢, and e, where |B [a 0 (the
finite population here is contributed by the 1 -_=O partial wave). Values of
p=1.and 2 (units of muc) are indicated in Fig. I, E,

.We comluded that the data suggest that & is a 1~ meson. This Letter
1

‘presents quantitative support for that conclusion. Since our earlier letter,

we have processed an additional 325 events of the type
N P . ,
p+p--‘1r++w +a +w +1r°. _ (1)

These &avé been added to ouf;.prievious 80C events; and the remainder of the
discussion is baéed on all 1123 everts.

The square of the matrix element, |_{X_[Z has beén calculated for thé: '
three pussible.meso‘ns 1~ .v 0", %m,d 1Y, m 'tefms of p,q and n (=6-48§),

the values of LA |* are:
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+
1 meson v
2 2 : 2
|A|® = %—‘L-[pz-z(qzn)n/pzn \/pzu(qzn)]
- q +1
2 2y| 5 /o2 /2 z 2
+ g (1-p%)| 2 VYp 1l - \/p +4(q"+1) ‘

The relationship between p, q, and M3 , the mass of the three pion system

is

>

pZ =[(M3+.l)2 .. 4(q2+1')j|{(m13_1)2 . 4(‘]24' 1 ,J / 4}\55 .

The boundary of the Dalitz plot corrcoponds to g.-.z' = 1, The straight lines that
divide it correspond to ;u—.o. From equaticns (2), (3), and (4), OKH;:! sces that
all the matrix elements Vaniah for q=0, as required by the T=0 character of
three pions. The other qualitative features are also evident.

Figures 1 A, 1 B, and 1 C are isometric drawings of the saquire of
the matrix elements for the 1t , 07 and 17 mesons, respectively. The
cobrdinates in the plane are hormalized Dalitz variables. The height above
the plane is proportional to |_{x__ IZ . The maxirswm height above the plane is
chosen as unity and contours of equal valucs of l__{m__ IZ are dravm at 0.2
intervals.

Before comparing the data with these Lé__ lz distributions, both the
data and |__1_&__ IZ can be folded six times about the lines of symmetry that
divide the Dalitz plot. The points in Fig. 1D show the 241 pion triplets which

fel_l in the control region (820 < Z'\-f.§3 < 900 Mev); those in Fig. 1E are the

270 triplets which fall in the w peak rcgéion (740 < 1&’;3 < 820 Mev). The



l4- o | UCRL-9856

contours on Fig. 1, D and E are formed by prejecting the contours of the 1”7

meson (Fig. 1C) onto the plane of the Dalitz piot. Since the LA:_ |Z for 1 *

TN .,

and 0~ mesona show considerable “azimuthal" variation, the folded area has

L

béen a%bitrax—ily divided into two sectore A and B. The contours in turn

divide each sector into five aubsectors, A; © * * Ag, By By
The number of peak-region eventa.per unit area within

A, ° A |

1 5
A and B, respectively. The normalized density of éontrol-region events are

and Bl + 0 o BS are displayed in the upper portions of Fig. 2,

displayed in the lower portions. The normalization accounts for the number of
triplets that lie below the background curve in the peak region (169 triplets-see Fg. 3
- Thus the density distribution of points in Fig. 1D is scaled by 169/241. A
background subtraction ié not meaningful because (a) we are gﬁcertain of the
difference in behavior of the T=0 background in the peak region and in the
control region and (b) we see no way of predicting what fractions of the T=0
and T =i plus T =2 states are present in the background,

The swocoth curves for the three cornpeting distributions are all
normalized to the same number of events (in this case 270 for the peaik region).
The solid cﬁ:ve is the predictiun of the 17 nﬁesorg. the dashed curve for the 1+_
meson, and the broken éurve for ﬂze 0~ mesun. In spite of the uncertainty of
the background subtréction. the 1~ mesun is cghclusively favored by the data.

We have tacitly assumed that the w-meson spin is J<l. A quantitative
treatment for higher J values has not been attempted. Howéver, the simplest'
. matrix elements for J= 2% and 27 also vanish at the center of the Dalitz plot. [”
This is certainly inconsistent with the data, We must conclude that the w is

a vector meson, J=1 .
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Figure 3 shows a portion of the effective-mass distribution. A smooth
curve has been drawn threugh the background'and a curve (c‘entered at
M3 = 787 Mev) that represents our experrmental resolution function '
resol /2 12 Mev) has been superposed upon it. The area under the

resolution function is equal to the number of events that lie above the back-

ground curve in the vicinity of the peak. ‘Thé data reasonably fit the resolution

" function. We conclude that the true half-width I'/2 is consistent with zero,

and is less than 12 Mevv.

Finally, We have studied angular distvribu’cions and correlations in w
meson breakup for the 270 triplets in the peak region. Within statistics,
the ‘w meson is produced isotropically. We define the production normal.

n, as _I?‘ (beam) % p (w). The breakup normal n 3 (in the @ rest frame)

is the direction normal to its breakup plane. We find that n 3 is isotropic

with respect to n 1 to p (beam), and to P (W) . It i.s not correlated to the
direction of breakup of the opposing dipion made in reaction (1)., 
We wish to p01nt out that although our statistics are suff1c1ent1y good
to aillovw a .Dalitz—type analysis to.be made, they are not such for the analysis
of the arrgular distribution and eorrelations; a separate study mpst be‘madeo
We again acknowledge rhe help tha"t we received from those 'w:.—e
r'ne.ht-i.one‘d;, in our earlier Letter. We regret that reference 9 of tlfrat Letter

400
was garbled.. We also neglected to refer to the theoretical predictions of

R

the w by Y. _Fujiisand G. Breit. 6 We are in_debted to Professor J. Sakurai

for pointing this out to us¢
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1. B.C. Maglié, L. W. Alvarez, A.H. Rosenfeld, and M. L. Stevenson,
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Phys. Rev. Letters 7, 178 (1961).
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2. The collaborating groups of J_ohns Hopkins and Duke Universities have
.informed us of evidence for the & meson in the r.eaction
trda p+p+n 4+ 4 20 a 1.23-Bev/c incident momentum.
Furthe# vevidence for the @ meson has been found by G. R. Lynch
é.nd N. H. Xuongr in the reaction p + p - 30t + 317 + 0 . In their
paper, UCRL-9857, they report Mw‘ = 780 and T'/2 <18. |
3. C.N. Yang (Brookhaven National Laboratory, private communication)
points out that the inatrix elements of Table I must. be formed of
lineai' combinations of different values of 1. and {, Furthermore,
L and ¢ are meaningful only in the limit of non,relatiﬁstic_pipf;s.
In this limit, the fo,llowing. linear com'binationvs are required:
v1+ me'son,‘ L =2 andVO, L=1
0" meson, & =3and 1, LL = 3 and'1,
where £ =1, L = 1 is the minimum compléxity necessary for the .
1~ meson. Thése additions are included in Table I. |
4. The last part of ;eference 9 should have read: |
| For previous evidence see: I. Derado, Nuovo cimento 15,
853 (1960) E. Pickup, F. Ayer, and E. O. Saiant, Phys. Rev.
Letters 5, 161 (1960); J. G. Rusilb‘roc;ke and D. Radojcic., Phys. Rev.

AY

1
Letters 5, 567 (1960); J. Anderson, V. Bang, P. Burke, D, uarmony, }/
and N. Schmitz, Pnys. Rev. Letters 6 365 (1961); A.R. Erwin, ¥
R. Mgrc.‘q, W.D. Walker, and E. West Phys. Rev. Letters 6, 628
(1961); D. Stonehill, C. Baltay, H. Courant, W Fickinger,

E. C. Fowler, H. Kraybill, J. Sandweiss, J. Sanford, and H. Taft,
Phys. Rev. Letters 6, 624 (1961)..
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5. Y. Fujii, Progr. Theoret. Physics (Kyoto) 21, 232 (1959).

z\ 6. G. Breit, Proc. Nat'l Acad Sci 46, 746 (1960). Phys. Rev. 120, 287
4+ C(1960).
]
8
/;‘%

pe



8- ‘UCRL-9856

'r“ll
(‘\;
Table 1. Poseible three-pion resonances with T=0, J&£ 1.
Meson Matrix element
. Vanishes at
Type, J 1 L Simple axample - (See Fig. 1, D and E)
v 17 1 1 (B xp,)+(B,XP_)+ (5. xBy) Whole boundary
PS 0" land3 land3 (E_- E) (E; - E)(E, - E) Straight lines
+ -ty v P -
A 1 Oand2 1 | E_(a’o-p+)+ Eo(p+-‘5_)+ E(p_-P,) Center b, d, f.
¢
{.‘,
/

~
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o FIGURE LEGENDS
Fig. 1. (A), (B), and (C). Isometric drawings of the square of matrix
ot : elements for the l+. 0", and 1  mesons expressed in terms of

the normalized Dalitz variables x = <T_ - TZ)/’\} 3Q, and
y= TO/Q,(Q=T++T_+T0=_M3-3). -

na
““H%a
i a

-

{D) and (E). Dalitz plots, folded six times. (D) disv'p_layvs 241 triplets
in the control region and (E) di-éplays 270‘triplets iﬁ the peak region.
The contour lines represent the projection of the éontours of (C)

(1T meson)-.'

Fig. 2. (a) | .‘Dénéity of’poinitla on the Dalitz plot for sectors Al through
AS‘ (b) Density of points for sectors Bl through BS‘ The sectors
are defined by the contours for the 1° meson. The smooth curves are
the probability distributions I A IZ for the three cémpeting matrix
elements, _

| Fig. 3. Number of woa triplets versus effective mass (M3) of the
triplets for the reaction p +p — 2nt 4 20+ 20, The ‘smooth curve
drawn thi-ough the background has superposed upon it the experimental
resolution'iunction. (l—reeol. /2 = 12 Mev). The area under the

~resolution function is equal to the number of events above the background

curve., -

e N
. 2 ey
P o £ ey
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making an originally flat distribution resemble that for a vector meson., - Our

- It would take a fluctuation of more than ten standard deviations to produce such

RS ¢ . UCRL-9856
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NOTES ADDED IN PROOF

i, Is the G Parity of the » Meson -17?

AL Dalitz Plot Evidence for G = ~1.

If the true width of the 3e-pion resonance were consistent with zZero,

; + - 0 ' Y BT B
one might question whether the observed w- w = decay mode is an "allowed
transition.” Duerr and Heisenberg have suggested that our data are also

v R
consistent with J = 1+', 0”7

(the first superscript refers tc the parity and the
second to the G parity). = Both of these can give a uniformly populated Dalitz

plot. - They argue that our Dalitz plot might really be uniformly populated,

but that measurement errors can depopulate the area near the boundaxry,

¢

counter argumern: is as follows: A flat Dalitz plot corresponds to an isctropic

distrivution of the vector g representing the breakup of the dipion. i we
start with isciropy it is diificult for us to see how random errcrs can introduce
anisotropy. - Thisz argument is supported by two experimentally flat Dalitz

3 - ° i ' - FR 9 . ‘ h : % N £ o= J Z 3 % )
plots: {a} Our control region, as well as that of Xuong and Liynch, = shows no
significant depopulation near the boundary.  (b) An analysis of - 1347 7 decavys
in flight shows that experimental errors do not depopulate the boundary of

N o , : :

the Dalitz plot.

For our data to fit-a flat distribution; yx is 93 where nine is expected.

-a distribution,and so we conclude that it is definitely inconsistent with being
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o B.' Further Evidence Against 0”7 and 1++ ,
. 1. For the neutral-to-charged branching ratio of 0", Duerr and .
| 0 b, . |

Heisenberg ore lict (w = 31 ) {lw—=7m +7m *+ TY 3/2 If thlS hypothes*s were

; 1 0, . :
correct, we sh@ula be able to see the 37 decay mode 113_‘ the reaction

4
<]

g

.

7 — o . - . .
ptp-— 2+ 2w, + 3170 as a peak of 45—Iviev (experimental) half-width in the

eS

“~

et

missing-mass distribution. We estwnate that we Woulgi notice such a peak '

if it contained > 50 to ;00 events. The same experirnent that yielded over. -
1125 reactions (1) also yielded 76+ 18 6-prong annihilations identified as

-, T - -+ - 0.2 '/,‘1

pt+rp=+2r +27 tlhe>w +a +tw ) We should see 3/7 (76 +18) = 114x25

neutral decays in ocur 4-prong missing-mass peak.. We find no evidence for

such a large peak.
‘o . . ++ . .
2. Additional evidence against comes from the absence of the 4-
pion decay mode of the w.:both in the 6-prong data of Xuong and Liynch’ and in

our 4-prong data. According to Luerr and Heisenberg this is an allowed

e . + . - . . :
We have also looked in vain for the m + w + v decay mode of the w.

decay mode, and the absence

@
o
)
0
¢}
K
[}
¢
o]
Fh
ot
+

i
(¢}
w
=5
=

The Dalitz plot, th

2t the « meson is 1 .

J]
5
o

cf a 4-picn decay mode ireng evidence

£
A

il. EKiiect ofthe T =1, = 1 Pion-Pion Resonance

on the Final States of the w Decay

. At the suggestion of M. Gell-Mann, we have included the eifect of the

=3
i
-

, J=1 pion-pion interaction on the final siate of w decay. The square of

or . the I meson is mu tip ied by the pr ct of three

=

the matrix element

o]

[\)

(M ) where

W

. 5 5
resonant dbr\on inators of the forrn (M: I\/’ + M r
J P P

-

<Mij) =] ("\" T 4)/{M —»’: fVZ/(NLp/Mij}Q Ivip is the mass of the resonance

o+

¢ O —~ . . . P
the w w system, etc.  For I\flp = 5.37(=750 Mevj and I = 1(=140 Mev}, this

- . and I its width, ij is first O+ then +- then -0, M, is the invariant mass of



-

L3

-3 o UCRL-9856 .

m
1)
a
o
H
I
n
—
o
o
(&3
]
@
t
—_
v
H
o

ger at the center of the Dalitz plot than it is at point

"3 1n Fig. 1%, Therefore the T=1, J=1 pion-pion resonance does not
oS

scricusly distort the matrix elementz,
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