
VOLUME 25, NUMBER 17 PHYSICAL REVIEW LETTERS 26 OCTOBER 1970

2m Mass Spectrum and 60 from m +p n +n at 10 Gev/c*

E. I. Shibata, g D. H. Frisch, and M. A. Wahligf
Department of Physics and Laboratory for Nuclear Science, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02189
(Received 28 July 1970)

An enI.ancement in the 2r mass spectrum in the region M«& 1 GeV has been observed
in n. +p mo+mo+n at 10 GeV/c. This is interpreted as a broad isospin-0, s-wave reso-
nance at 600 + 100 MeV with width 400 + 100 MeV. Because of limited mass resolution,
we cannot rule out several narrower resonances with these quantum numbers.

In a previous paper, ' we reported the observa-
tion of two enhancements in the 2n mass spec-
trum as seen in the reaction

m +p-w'+n'+n.

One of the enhancements is the f' meson, cen-
tered at 1275 +25 MeV; from the decay angular
distribution for small-momentum-transf er
events the f' spin was determined' to be 2. The
second enhancement is broad, extending from
threshold to -1 GeV, and was not interpreted for
two reasons: (a) Depending on then poorly known
cross sections, possible backgrounds of up to
40% might have distorted the shape of our 2m'

mass spectrum significantly; (b) our di-pion
mass resolution was (and still is) not good enough
to isolate the narrow peaks which were claimed
to be in this mass region. ' Now more informa-
tion about background reactions is available, and

more recent experiments' ' favor rather broad
(several. hundreds of MeV wide) mm resonances or
enhancements in this mass region.

In this paper we report the results of a reanal-
ysis of our data from Reaction (1). The 2w' mass
spectrum is presented with explicit corrections
for geometry and detection inefficiencies and
with only a small amount (&9%) of background
contamination. Following Sonderegger and Bo-
namy, we have introduced a form factor into the
Chew-Low extrapolation formula, ' and fitted the
modified formula to the data in the physical re-
gion in order to obtain —,(exp(2i&, ')-exp(2i&0 )(',
the square of the difference of the isospin-0 and
-2 s-wave nm scattering amplitudes. Here the
phase shift for isospin I and orbital angular mo-
mentum l is denoted by 5, .

The experiment was performed with 10-GeV/c
from the Brookhaven National Laboratory

alternating gradient synchrotron incident on a
liquid-hydrogen target. [The virtues of a high-
energy study of Reaction (1) have been discussed
elsewhere. '] A brass-plate spark chamber was

used to measure the directions of the four gam-
mas from the m'-2y decays, but the recoil neu-
tron was not detected. A detailed description of
the apparatus may be found elsewhere. "The
procedure for the kinematic reconstruction of
the 2r events using only the directions of the
four decay gammas is as described in our previ-
ous paper. ' We have found that this procedure is
equivalent to that of Carroll, Middlemas, and
Williams, ' who performed a similar experiment
at lower incident momenta. 2 For our data both
procedures give the same results.

Background contamination of our 2m mass
spectrum from the following final states has been
calculated: 3m'n, K,o(-2u')K, 'n, K, (-2w')Kmn,
K,'(-2~0)AO(~~'), and K,o(-a~')Z'(-A'y-nw'~).
Monte Carlo studies show that only two of these
final states, 3m'n and K,'&,'n, can contribute
measurably to our data and that the 4y events
from these final states have very broad distribu-
tions in t' when analyzed as m'm'n. Here t'=—t

;„, where t is the square of the four-momen-
tum transfer to the recoil neutron, and t~jQ is
the minimum possible value of t for a particular
di-pion mass value. Since the t distribution for
true n'w n events peaks sharply at small t' val-
ues, restriction to small t' values. cuts out much
of the background.

In the subset of 547 events with It't~0. 1 (GeV/
c)' from which we deduce the 2m' mass spectrum,
we calculate the contamination from the 3n n fi-
nal state to be &45 events by using a 3r' spectrum
synthesized from ri(-3no) and four-body phase
space. From high-energy experiments which
give. the m'n n' mass spectrum" "there is no
reason to believe that any other sharp resonances
except for the g are present in the 3r' mass
spectrum; the 3r background in these w'm m

spectra looks similar to that expected from four-
body phase space. For rl(-3mo)n we use a cross
section 6.8+1.0 pb, derived from our own data
on q(-2&)n and g decay branching ratios. " For
3r n phase space we use &200 pb based upon our
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own sample of 5y and 6y events; this is also a
generous upper limit to an extrapolation from
lower energies. " The K, K~ spectrum and a
7-pb K, K, n cross section are synthesized from
data on the K, K, n final state'; from this we
calculate that &3 events from K,'K, 'n contaminate
the same subset of 547 events.

In the corrections for geometry and detection
inefficiencies and analysis cuts we use the sim-
plest one-pion-exchange (OPE) model to describe
the formation of the di-pion system, giving the di-
pion-decay angular distribution as [P~(cos(),„)]',
where P~ is the Jth Legendre polynomial, J is
the spin of the di-pion system, and 0 is the
angle between the incident g and one of the de-
cay m" s in the di-pion rest frame. Within statis-
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ties, events in the "low" mass region 0.27 ~M,
&1 GeV are isotropic in the Treiman-Yang angle
and in cos8„so we take J=O for this mass re-
gion. "

The 2r' mass spectrum, corrected for geome-
try and detection inefficiencies and cuts in anal-
ysis, is shown in Fig. 1(b). Neither the three-
body phase space (dashed line) nor background
(upper limit shown by dotted line) can account
for the enhancement in the low-mass region. The
t distribution for these events (Fig. 2) is fitted
by

[ltl/(t-)t')'I "'
withe'=7+2 (GeV/c) ', and, within statistics,
is the same for smaller di-pion mass intervals.

We now discuss the low-mass enhancement in
terms of nm scattering, following Sonderegger
and Bonamy. ' The amplitude for the 7t7T scatter-
ing reaction

m +m 7r +7r, (2)

which occurs at the upper vertex of the OPE dia-
gram describing Reaction (1), is proportional to
the difference of the isospin-2 and -0 zg scatter-
ing amplitudes. Assuming that only s-wave gg
scattering occurs for M„&1.0 GeV, the cross
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FIG. 1. (a) Monte Carlo mass resolution curves for
di-pion masses of 0.3, 0.5, 0.75, 1.0, and 1.25 QeV.
{b) The 2m mass spectrum, corrected for geometry
and detection inefficiencies and analysis cuts. For
comparison, the dashed line shows an upper limit to
phase space given by normalizing to the valley at 1.05
GeV between the low-mass enhancement and the f me-0

son, and the dotted line is the calculated upper limit
for contamination from other reactions. Errors shown

are statistical only.
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FIG. 2. Differential production cross section for the
di-pion mass region 0.27-M„„-1.0 GeV as a function
of t. The curves are fits to the data (by eye) using
[ltl/(t-p ) ]e t with A' =5 (GeV/c) (dashed line), 7
(GeV/c) ~ (solid line), and 9 (GeV/c) (broken line) .
Errors shown are statistical only.
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section for Reaction (2), g„, is given by

24tt exp(2i6„')-exp(2i5„') '
9 2i

s 8111 (5o -5o )r
24m

where k, the pion momentum in the di-pion rest
frame, is given by

&& sin'(5, '-5o') E'(f), (4)

wllel'8 p ls tile lllcldeIlt tl' labol'atoI'y momentum
f'=0.081, and 0 is the production cross section
for Reaction (l). The form factor used by Son-
deregger and Bonamy' and also used here is giv-
en by E'(f) = exp[A'(f-II')], and has been chosen
for its quite adequate description of the. experi-
mental t distribution (see Fig. 2). The normal-
ization of E'(f) is such that E'(p,') =1, and A' is
determined from the data. This ~odified Chew-

here p, is the pion mass.
In principle, o can be obtained from the ex-

perimentally measured cross section for Reac-
tion (1) by a rigorous Chew-Low extrapolation'
to the pion pole, but this requires a very large
number of events, which is unavailable from this
experiment. Thus, a form factor has been put
into the Chew-I ow extrapolation formula to give

d'v 16M„'f'
j t

i

dtdM„9 p,'p )~ (t )I')'-

Low formula (4) is fitted to the data in the physi-
cal region to give sin'(5, '-5oo) as a function of
M~. Using A'=7 (68V/c) ', the results of the
fit to our data are shown in Fig. 3 along with the
"5"-GeV/c results" of Sonderegger and Bonamy, '
who also use A'= 7 (GeV/c) ' in a fit to their
data. As an examination of Fig. 2 shows, the
choice of A'= 7 (GeV/c) ' from our f distribution
is not a clearcut one. Since the value of A' deter-
mines the normalization of sin'(6o'-5o ), we have
indicated on Pig. 3 the effect of using either A'
=5 (GeV/c) ' or A'=9 (GeV/c)

As shown in Fig. 3, the values of sin'(5o'-5oo)
from our experiment at 10 GeV/c are in excel-
lent agreement with the values for the same
quantity from the similar experiment of Sonde-
regger and Bonamy' at "5"GeV/c. Note that the
results of both experiments fail to reach the uni-
tarity limit using A'= 7 (GeV/c) '; A™11(GeV/
c) ' wouM be retluired. We will discuss the nor-
mali. zation further, below.

Since 5, is small and negative in the di-pion
mass region under consideration, "the main con-
tribution to sin'(6o'-5o') comes from 5,', sug-
gesting the existence of a very broad isospin-0,
s-wave gg resonance centered at M =600+100
MeV. Such a broad resonance would be consis-
tent with the broad scalar resonance proposed by
I.ovela. ce, Heinz, and Donnachie in order to
describe backward ttp elastic scattering using
dispersion relations and also with the predictions
of Wagner'~ and Kang ' using the Veneziano mod-
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Valuss of k'I exp(2&0s )-8xp(21&s )) (=sin (&s -&s )] with A' =7 (68V/c) as a fullctiou Of dj,-pion mass for
these data and those of Ref. 6. For these two sets of data errors sholem are statistical only. Since A' determines
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2m decays {Ref. 19), and two Monte Carlo curves giving the "dozen-up" and "up&own" solutions for 60 160 is
from Maratsck et al. (Ref. 20) and 60 is from the effective-range formula fit of Baton aud Laurslls (Ref. 21)j .
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el. However, because of our mass resolution,
our results do not exclude the existence of two
(or more) narrow isospin-0, s-wave sp reso-
nances in the low-mass region.

Our results and those of Sonderegger and Bo-
namy' do not agree with the 5,' phase-shift solu-
tions from studies of the reaction

+P-~' +s +n. (5)

Plotted with our data on Fig. 3 are the "down-up"
and "up-down" solutions for 5,' of Marateck
et al. ' Our data lie between the "up" and "down"
branches of 60 on both sides of M =0.7 GeV.

The slope of sin'(5, '-5, ') at threshold is 3+ 1
times greater than given by Weinberg's current-
algebra scattering lengths" a, = 0.02@. ' and a,
= -0.06', '. Here we have taken into account our
limited mass resolution which spills some events
into the threshold region.

We now return to the question of absolute nor-
malization of cross sections, noting first that
there are several possible theoretical reasons
why the points in Fig. 3 need not reach the uni-
tarity limit for a pure s-wave resonance; among
them are inadequacy of the OPE parametrization
of Eq. (4) and inelasticity.

In the low-mass region our corrections for
geometry and detection inefficiencies should be
reliable because we observe with fair efficiency
all regions of the decay angular distribution; at
M„=600 MeV the detection efficiency changes
&25% over the whole region of cos0 . Our nor-
malization is confirmed by very good agreement
of our w'n and q(-2y)n cross sections, derived
from the same set of data pictures, with those of
the Saclay-Orsay group (see Ref. 9).

However, our absolute cross section for
f'(-m'm )n is 20 + 5 pb, lower by a factor of about
3 than both what is indicated in Ref. 6 and what
we deduce from an interpolation of cross sec-
tions for fo(- w's )n at 8 GeV/c ' and 11 GeV/c. "
In this higher mass region our geometric and de-
tection inefficiency corrections depend strongly
on the assumption that the f' decay angular dis-
tribution is [P,(cos8„)]', which fits our data
very well in the limited region of coso„we ob-
serve [icos8 i

&0.75; see Fig. 3(b) of Ref. 1 for
our experimentally observed f' decay angular
distribution]. If it peaks more sharply near
icos() i

=1.0, we have underestimated the f'
cross section. However, to gain such a large
factor in the f' normalization would require an
unusually peaked decay angular distribution.
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We study the scale dimensions of current components and Schwinger terms. We state
and prove necessary and sufficient conditions for the spatial and temporal components of
hadronic currents to have the same dimension. The incompatibility of well-defined c-
number Schwinger terms with universal dimensionality of current components is demon-
strated. Experimental implications are discussed.

The discovery of scaling in deep inelastic elec-
tron-proton scattering has engendered renewed
interest in the notion that strong interactions be-
come scale invariant at small distances. ' Recent
work of Wilson suggests that it may be possible
to implement this idea within the framework of
quantum field theory provided one adheres to a
meaningful definition of the scale dimensionality
d of field operators. For a spin-zero field y(x),
an operational definition for d is the following:
If the renormalized propa. gator &s'(q ) behaves
as (—q')" ' as q'- -~, the scale dimension of the
field is d. (Very similar definitions can be given
for fields with other spins. )

It is likely that, in general, d is anomalous,
i.e. , cl.~ Furthermore, this asymptotic behavior
of the propagator will follow from considerations
of broken scale invariance if d arises by com-
muting at equal times y(x) with D, the generator
of infinitesimal scale transformations:

i[a(x,), y(x)] =x"B„y(x)+dy(x).

In this note we study the scale dimensions of
current components and Schwinger terms. We
state and prove necessary and sufficient condi-
tions for the temporal and spatial components of
currents to have the same dimension. We further
demonstrate the incompatibility of well-defined
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