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~These are the two superconvergence relations of

Ref. 1; an additional superconvergence relation of the

type fv lmf (v)d v = 0; two independent Adler-We is berger

sum rules; two independent forward dispersion rela-
tions for the I= 2 spin-nonQip amplitude supplemented
by the PCAC and current-algebra calculation of the s-
wave scattering lengths; the Cabibbo-Radicati sum
rule (4); and our Kq. (2) supplemented by p dominance
of the electromagnetic current.

David J. Crennell, Paul V. C. Hough, George R. Kalbfleisch, Kwan Wu Lai, J. Michael Scarr,
Thomas G. Schumann, Ian O. Skillicorn, Richard C. Strand, and Medford S. Webster

Brookhaven National Laboratory, Upton, New York

Philip Baumel, Alvin H. Bachman, and Robert M. I ea
The City College of the City University of New York, New York, New York

(Received 25 January 1967)

A neutral di-pion v+v enhancement with
a mass of 1675 MeV was first reported by Gold-
berg et al.~ in high-energy m+N- a++ Tt +N
interactions. Subsequently, several experiments
have confirmed its existence. ' Because of large
background and inadequate statistics, little
progress has been made in understanding the
nature of this enhancement. To date, informa-
tion relevant to its isospin3& comes from a
study of the reaction m++p -~++v +p. The
analysis of this reaction is complicated by strong
N*(1238) formation in both the rr+P and rroP sys-
tems. In particular, the structure in the high
rr+rro mass region (&1.0 GeV) comes entirely
from events in the N*(1238) region; consequent-
ly, the interpretation of this structure is dif-
ficult. In this paper we report evidence for
an isospin one (I=1), positive G parity (G=+),
negative spatial parity (I'=-), and odd spin
(J =3 is favored) rrv resonance at -1630 MeV
with a, width of about 100 MeV.

The sample of events for this study comes
from a 6-GeV/c 7r p experiment in the Brook-
haven National Laboratory (BNL) 80-inch liq-
uid-hydrogen bubble chamber. About 30 000
two-prong events were analyzed in the rr P
exposure, and about 6000 two-prong events
were analyzed in the rr p exposure. About half+

the events were measured by conventional mea-
suring machines and the other half by the BNL
flying spot digitizer. A systematic compari-
son of the characteristics of the events mea-
sured by the two systems has been reported
elsewhere. 5 Here we note that the two meth-

ods of measurement and analysis give results
which are equivalent for the purposes of this
study. The numbers of events obtained from
this analysis are'

7r +p-v +rr +rr, 373 events;+ + +

+p - rr +rr'+p, 1308 events;

+p - rr + rr++n, 2661 events.

(2)

(3)

Figures 1(a)-1(c) are the Dalitz plots and

Figs. 2(a)-2(c) are the corresponding di-pion
mass distributions for the final states (1), (2),
and (3), respectively. Although Fig. 1(a) shows
that there is some N* formation in Reaction
(1), there is no significant structure in the
rr+m+ mass distribution shown in Fig. 2(a).

The rr rro mass projection from Reaction (2),
Fig. 2(b), shows the p and a, peak at 1630 MeV
about 100 MeV wide, which is about four stan-
dard deviations above background. The cor-
rection for scanning bias8 against short pro-
tons is indicated by the dotted area, in Fig. 2(b).
Some N*(1238) formation in the mop system is
evident in Fig. 1(b). The hatched area, in Fig.
2(b) is the histogram of events having neither
rrop nor rr p effective mass in the region 1200-
1280 MeV. This clea.rly demonstrates that the
1630 peak is associated with events which do
not show N~(1238) production.

There are three enhancements in the 71+m

spectrum, Fig. 2(c), namely, po, fo, and a
broad v+m bump from 1560 to 1800 MeV. We
see no obvious N (1238) formation in the a,s-
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sociated Dalitz plot, Fig. 1(c). The statistical
significance of the 1560- to 1800-MeV bump
is about four standard deviations above back-
ground. The difference in mass and width of
this bump and the 1630 MeV r v peak will be
discussed below. It is also interesting to note

P

I I.O-
~ e

~ e

7l' 7T p

(I308 EVENTS)
(b) 80—

mop
7T p

e

P
a+n

~ ~„p;' ',.

9.0- ." .'

''r
%4 \ ~

~
~ ~

e Q ~ ~

:cs,.
7.0

~ ~ ~ ~ ~

'
~ .

'
~ : ~

50
~ ~ ~e

e

~,', ~

3 Q
P $4 e % ~ ~

po

IQ, I
''i'

I

60—

40—

20—

CL
w

I 80

I 60—
LLI

140

w-p —& ~ w+n

266l EVENTS

(c)

6.0

(266l EVENTS)
I I.O- . , f

~ '' ~ 4P
1550 I800 MeV

)

N

'~j i6 7Q.. y 'e eo e ~

C
+

5.0 -: .. tI'', ~e4
' ~ ~

~ r ~ ~

e

I.O I-
0 2.0 4.0

M (~~) IN Gev

I20—

I 00—

80—

60—

40—

20—

I

0.4
I

0.8
I

1, 2
I

1.6
I

2.0 2. 4

FIG. 1. Dalitz plots for the three final states as
shown. Note that each event is plotted twice in Fig. 1(a)
because the pions are indistinguishable.
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FIG. 2. Di-pion mass spectra for the three final
states as shown.
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the concentration of events at low ~+@ mass
and high v 7I mass in Fig. 1(c) and a similar
concentration in Fig. 1(b). These concentra-
tions are probably a consequence of diffraction
scattering in the vn system at this high energy.

To further substantiate the evidence for the
enhancement at 1630 MeV, we present

the Tt ~ scattering angular distribution of the
outgoing v relative to the incident ~ in the
err rest frame in this mass region (Fig. 3).
A backward peak is clearly seen and remains
even with N* events removed (hatched area).
This peak does not exist in the adjacent v

mass region [see Fig. 1(b)]. We note that there
is very little backward peak in the neutral v+m

system in the same mass region [see Fig. 1(c)],
which may be due to a difference in the inter-
ference with background.

Our determination of the relevant quantum
numbers (I, G, P, and J) for this enhancement
may be summarized as follows.

G parity'. The strong decay into two pions
constitutes evidence for positive G parity.

Isospin'. Observation of the ~ r decay mode
requires I =- 1. For the I= 2 assignment only
the I= 2 amplitude in the mp initial state can
contribute and the relative intensities for 71 Tt,

m, and v+n would be 36, 9, and 2, respec-
tively. Our data disagree with the I= 2 assign-
ment by about 3—,

' standard deviations. We
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FIG. 3. The ~ ~ scattering angular distribution in
the ~~ rest frame for the events from Reaction (2) with
1550 MeV-M(m ~ )- 1700 MeV.

conclude that this is an I=1 di-pion state.
Parity'. Bose-Einstein statistics requires

that the total wave function for the diboson state
be symmetrical. Hence, I=1 for this state
implies odd parity and odd spin.

Spin: From the parity argument, we consid-
er the series J =1,3, ~ ~ ~ as the possible
assignments for this state. With our present
data, we cannot conclusively distinguish be-
tween spin parities of J+= 1 and JP ~ 3
However, the moments of the Legendre poly-
nomials (P„) of the ~ ~' scattering angular
distribution suggest J = 3 . This follows from
the presence of a bump in the I'~ moment and
an interference oscillation in the I', moment
at this mass, each of approximately three stan-
dard deviations. '

It was noted above that both the position and
width of the charged and neutral rr enhance-
ments in the 1630 mass region differ signifi-
cantly. '» Since we have ruled out an I =2 enhance-
ment in this mass region, these differences
may indicate the existence of an isospin-zero
vv enhancement at a mass of -1750 MeV.

We have searched in our film for the other
possible decay modes with I~=1 and J+~ 1

in the reactions v+p-p+(KK), p+(KK~)
and p+(4v) . Examination of our data yields
relative branching ratios of (KK) /(2v) ~0.10
and (~ z v+v')/(2n) &1.5 (with 90/0 confidence
level). In the (KKv) system we do observe
a broad enhancement at this mass region. "
Because of its large width it is inconsistent
with the production of only this resonance.
We are not able to resolve structure in this
peak with present data.

To speculate about the existence of a new

meson multiplet in the context of the SU(3) sym-
metry, we might group this I=1 n~ resonance,
which we call the g» meson, ' with a recently
discovered I= —,

' K*(1800).'4 From the Gell-
Mann-Okubo mass formula one can predict
an octet singlet (IG=O ) at -1850 MeV. In the
framework of the Regge-pole theory, the Q»

meson would be the recurrence of the p meson
if the spin of the g» meson is indeed three.
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Dr. David Stonehill for their help in the early
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+See the compilation of the 71 71 mass spectrum from
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ceedings of the Thirteenth International Conference on
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4Recent data on the mass spectrum of negative bosons
(X ) in the reaction vr +p p+X [X can decay into
one, three, or five charged particles plus possible neu-
tral(s)] also showed structure in this region, in particu-
lar, a peak at 1630 MeV calledR& . See M. N. Focac-
ci, W. Kienzle, B. Levrat, B. C. Maglic, and M. Mar-
tin, Phys. Rev. Letters 17, 890 (1966). It is to be
noted that isospin as well as G parity for these enhance-
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International Conference on High Energy Instrumenta-
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8The criteria used to obtain the sample of events for
Reactions (1) and (3) were (a) 790 MeV&missing mass
&1090 MeV; and (b) consistency of observed or mea-
sured bubble density with that required by the kinemat-
ic fit. For Reaction (2), the criteria were (a) -300
MeV& missing mass &450 MeV; (b) consistency of ob-
served or measured bubble density with that required
by the kinematic fit; (c) X probability &20%; and (d) er-
ror in missing mass & 500 MeV. The additional criteria
for Reaction (2) were used in order to obtain a sample
of well measured events for this study.

The smooth curve in the figure is a maximum-likeli-
hood fit to the data assuming phase space and the reso-
nances. The resonances were fitted by Breit-Wigner
distributions times phase space with the intensities,
locations, and widths as variables. The values stated
for the location and width of the reported ~ vr enhance-
ment were obtained from this fit.

A detection efficiency for short protons is obtained
from the comparison of the slope of the diffraction peak
deduced from our elastic events with the known slope
from the existing data in this energy region [see, for
example, K. J. Foley, S. J. Lindenbaum, W. A. Love,
S. Ozaki, J. J. Russell, and L. C. L. Yuan, Phys. Rev.

Letters 11, 425 (1963)]. Little correction is necessary
for events with M(71 ~ ) greater than 1.0 GeV.

~There are 212 events on Fig. 2(b) in the seven bins
from 1.48 to 1.76 GeV, and from the adjacent bins we
estimate the background level as 19+1 events per bin.
This leaves 79 +20 events to be attributed to the peak,
and correcting for the chi-squared cutoff of 20% (see
Ref. 6) increases the estimate of events above back-
ground to 99+25. From the adjacent bins in the 7t ~+ +

spectrum [Fig. 2(a)] we expect 10 +1 events per bin in
the 1.48- to 1.76-GeV region. The hypothesis that the
isospin is 2 requires 77 +19 events above background
or a total of 147 +20 events. Only 73+8.5 events are
observed and these two numbers are inconsistent by
3.4 standard deviations.

~ The moment analysis determined the coefficients an
of a representation of the angular distribution I(x)
=pa„P„(x), where I'„ is the sth Legendre polynomial
and x is the cosine of the ~T( scattering angle. The an
are given by

where the sum is over the events. The coefficients ao,
a&, , a&0 were plotted (not shown) versus the n. m

mass in 80-MeV bins from 470 to 2470 MeV. The bin
centered on 1630 MeV (1590-1670 MeV) shows a bump
of approximately 3 standard deviations over the bins
on either side in each of the ao, a2, and a4 coefficients
and an interference oscillation of similar size in ae in
the bins 1510-1590 and 1590-1670 MeV. (Strong statis-
tical correlations exist between the different a„.) In
general, the higher moments show a smooth behavior
through the p and 1630-MeV regions. The odd coeffi-
cients a&, a3, ~ show smaller variations through the
1630-MeV region. A model with m and ~ exchange and
some background (due to N* formation) can explain
these results for both the p region and the 1630 region
if the J of the 1630 enhancement is assumed to be 3
(We note that the nonisotropic Treiman-Yang angular
distribution, not shown, of the p events requires
more than pseudoscalar pion exchange. ) Above 1700
MeV, the rr 7t scattering appears diffractionlike, al-
though angular momenta higher than l = 3 are not re-
quired by the a„below 2100 MeV. A model with pure
imaginary diffractionlike amplitudes for the background
should give bumps in all an, even for a J =1 assign-
ment for the 1630-MeV state. However, all an for even
and odd n should show this behavior, which is not indi-
cated by the data. Also, interference oscillations
would not be expected. In summary, 4+=3 is sug-
gested for the spin-parity assignment of this state.
However, this suggestion cannot be considered conclu-
sive in view of our lack of knowledge of the background.

~~The maximum-likelihood fit gives about 3-standard-
deviation differences for both their masses and their
widths.

~2The KKn mass spectrum from the P(KK~) final states
in the samples containing two V +two prongs and one
V +two prongs topologies showed a broad enhancement
from 1.44 to 1.84 GeV.

~3The authors in Ref. 1 proposed the name g for the
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broad 7|+71 enhancement which may contain more than
one enhancement. Here we use g& for the I= 1 di-pion
resonance reported in this paper. We note that the

masses of g& and 8& (see Ref. 4) are the same.
~4Aachen-Berlin-Cern-London (I.C.)-Vienna Collabora-

tion, Phys. Letters 22, 357 (1966).

TOTAL MUON-CAPTURE RATE IN Hes FROM CURRENT COMMUTATION RELATIONS*

C. W. Kim and Michael Ram
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The total muon-capture rate in Hes is calculated using the elementary-particle treat-
ment of p capture in complex nuclei. and the current commutation relations introduced
by Gell-Mann. Our calculation gives I"theor(He ) = 2020 sec to be compared with
I' tl(He ) = 2170+430 sec

We wish to present a calculation of the total
muon-capture rate in Hes in which we apply
the elementary-particle treatment' of p, cap-
ture in complex nuclei and the current commu-
tation relations introduced by Gell-Mann. 2

This calculation is meant to serve as addition-
al evidence for the validity of the current com-

mutation relations within the limits of the ap-
proximations introduced.

The total muon-capture rate in nuclei N~
is given by3

r(N ) =P r(N -N ),

where

G'm 'C(N )Zs t-dQ 1 4 4
a 2 V

a b (2m ) (137)s "ab 4s' 2(2Z +1) nP nP a b

In the above, we have set

Im ) q ~+~)pm+a)
b p. a

(2a)

= (~ E ) [(p,) (p ) +(p ) (p ) -b (p p )" ,(p,),(p„),](-1)

K (N -N ) = Q Q (N Ig (0) IÃ )(N Ig (0) IN )(-1)(+) (-)
nP a b a n b b P a

Mg My

(2b)

(2c)

»(0) =V»(O)+W»(0),
A Q

(2d)

G = (1.00/m ')10-'.
p

(2e)

Natural units (K=c =1) are used throughout this
paper. The proton mass is mp, G the P-decay
coupling constant, and Z the number of protons
in the N~ nucleus. The muon and neutrino four-
momentum are p and p, respectively, and
E

&
and E~ their energies. The masses of the

muon and N~ and Ny nuclei are denoted by m &,
m~, and my, respectively. The nuclei N~ and

N~ have spins J~ and J~, respectively, and
the summations in Eq. (2c) extend over the third
components of the nuclear spins, M~ and M&.
The quantity C(Na) is a, correction factor aris-
ing from the effect of the nonpoint character
of the charge distribution of N~. The sum over
b in Eq. (1a) is over all energetically acces-


