
PHYSICAL HEVIK W D VOLUME 10, NUMBER 7 1 OCTOBER 1974

msgr scattering in the energy region 0.6 to 1.42 Gev
+

A. Engler, R. W'. Kraemer, S. Toad, and F. Weisser
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

J. Diaz, F. A. DiBianca, %'. J. Fickinger, and D. K. Robinson
Case 8'estern Reserve University, Cleveland, Ohio 44106

{Received 1 May 1974)

m'e' scattering amplitudes have been determined in the energy range 0.6 to 1.42 GeV. The amplitudes

have been extracted in the framework of an absorption-modified one-pion-exchange model with certain

energy-dependent assumptions.

I. INTRODUCTION

The determination of mm scattering amplitudes,
particularly for dipion masses up to 1 GeV, ' has
been the subject of numerous experimental and
theoretical investigations. Considerable contro-
versy concerning the I =0 S-wave nm phase shift,
6Pp, had existed for some time. The ambiguity in
&p' below the p mass region had been removed by
Baton et a/, ' and by Baillon et a/. ' but there re-
mained the "up-down" ambiguity in &~oabove th
mass region.

It now appears that this remaining ambiguity in
~', has been removed as a result of the recent high-
statistics experiments of Protopopescu et a/. 4 and
Hyams et a/. ' In both experiments an anomaly
in the nw system near the KK threshold was ob-
served. This anomaly can be understood if ~p

follows the "down" solution to a dipion mass of
0.9 GeV and then rises sharply to about 200 be-
tween 0.9 and 1.0 GeV. The corresponding in-
elasticity, g'„ is observed to drop sharply below
unity around the KR threshold. In the analysis by
the Berkeley group, ' extrapolation to the pion pole
was used to extract amplitudes, while in the analy-
sis of the CERN-Munich data, ' the nm amplitudes
were obtained from the density matrix elements
integrated over a small four-momentum transfer
(f) range near f =0. Studies of the reaction s P-
nwPmP by Apel et a/. ' and by Skuja et a/. ' give re-
sults in agreement with those of Protopopescu
et a/. and Hyams et u/.

Above 1 GeV, information concerning ~, comes
mainly from the experiments of Carroll et a/. '
and Hyams et a/. ' Carroll. et g/. used an absorp-
tion-modified one-pion-exchange model (AOPE) to
extract the mv amplitudes. One of the main points
of interest in the region of high dipion mass is the
possibility of an S-wave resonance around the f
mass. This possibility was first pointed out by
Carroll et a/. ' Who found that &p passes through
&0' (2'70') around 1.24 GeV. This result was ob-

tained also by the CERN-Munich group, ' but a reso-
nance interpretation is not ascribed to the results
by the authors.

%e have obtained results on mm scattering ampli-
tudes for the dipion mass interval 0.6 to 1.42 GeV
using the same AOPE model as Carroll et a/. ' to
extract the amplitudes. However, we have intro-
duced certain energy-dependent assumptions (Sec.
V), and have included updated absorption and form-
factor parameters (Sec. 1V).

The main features of our results are as follows:
(a) 50 increases rapidly at KK threshold; (b) qt
drops from unity to about 0.6 near KK threshold
and then returns to unity at about 1.1 GeV; (c) @20

is less than unity in the region of the f' meson;
(d) the total cross section in the p region agrees
to within 5~/q of the AQPE model prediction but the
predicted cross section in the f' region is about
25% higher than the experimental value.

In Sec. II we discuss the experimental procedure
and in Sec. III we discuss the general features of
the data. Section IV contains a brief description
of the AQPE model, and in Sec. V we present the
an scattering amplitudes.

II. EXPERIMENTAL METHOD

The 30-in. ANL-MURA deuterium-filled bubble
chamber was exposed to a separated 6-GeV/c v'
beam at the ZGS. Approximately 9.3 &10' pictures
with about 16 tracks per picture were obtained.
The reaction of interest for elastic mm scattering
ls

d 7F Ã PP,

where P, denotes the spectator proton.
The film was scanned for events having an odd

number of outgoing prongs or an even number of
outgoing prongs with at least one positive track
which stops in the chamber.

Approximately 180000 three- or four-prong
events were measured and processed through stan-
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10 mw SCATTERING IN THE ENERGY REGION 0.6 TO 1.42 GeV 2071

dard reconstruction and kinematic programs. Ion-
ization estimates for outgoing tracks mere inde-
pendently obtained during the scanning and mea-
suring stages. Any inconsistencies mere subse-
quently resolved by physicists and experienced
scanners. For those events having an invisible
proton, a dummy track was constructed in the stan-
dard manner. Reaction (1) was thus subjected to a
four-constraint fit whether or not the spectator
proton was visible. Events mere categorized as
belonging to reaction (1) if (a) the g' probability
~1/q for that hypothesis; (b) IMlVPI&0. 06 (GeV)',
where MM is the missing mass of any neutral sys-
tem in the final state; (c) the ionization estimates
were consistent mith the results of the fit to reac-
tion (1); and (d) the spectator-proton momentum
was &250 MeV/c. Events attributed to the reaction
m'd-K'K pp, have been removed and mill, be dis-
cussed in a separate paper; the number of these
K-pair events is less than 10% of the v-pair events.
Approximately 1% of events which fit reaction (1)
have a kinematic ambiguity between the outgoing
proton and m'. For these events, the hypothesis
with higher g' probability was accepted. We find
17261 events which fit reaction (1) and satisfy our
selection criteria.

The 17261 events which fit reaction (1) corre-
spond to a cross section of a =(1.09 +0.11) mb.
This cross section inciudes corrections for scan-
ning and measuring efficiency, beam purity, spec-
tator-proton momentum cut, and Glauber screen-
ing. ' However, it does not include a correction
for the Pauli principle effect on the final-state

protons'0; that correction ranges from 3% for pure
spin-flip amplitude to 15% for pure non-spin-flip
amplitude. Gordon et a/. "have reported cr =1.11
+0.07 mb for the charge-symmetric reaction
v P - v v'n at 6 GeV/e.

III. GENERAL FEATURES OF THE FINAL STATE x'm p

The dipion invariant mass spectrum for events
fitting reaction (1) is shown in Fig 1.. Copious p'
and f' meson production is evident along with a
definite signal in the g-meson mass region. We
observe no structure in the f' region; our mass
resolution in the f' region is approximately 18
Me V (FWHM). At the high-mass end of the p re-
gion (about 860 Me V) we observe a shoulder fol-
lowed by a sharp drop in intensity. This effect
was first reported by Alston-Garnjost et al. ' and
later confirmed by others.

In Fig. 2 we show the pm' and pm mass spectra.
Examination of the Dalitz plots (not shown) re-
veals no significant N* or b enhancements. The
general features observed can be adequately de-
scribed by a diffractive dissociation background
(Sec. IV). For the vv amplitude analysis (Sec. V)
we select only events which have a four-momentum
transfer (t) to the dipion system of (t~ 0.&3 (GeV/c)'.
Thus it appears that the dipion system up to a mass
of 1.45 GeV is free from serious distortions gen-
erated by baryon resonances produced in reaction
(I)

To obtain cross sections for p', f', and g meson
production, "we have fitted the dipion mass spec-
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FIG. 1. m'+x invariant mass distribution from the reaction 7(+d &'7) pp, at 6 GeV/c.
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trum (Fig. 1) to an incoherent superposition of
Breit-%'igner resonance shapes plus polynomial
background. Explicitly, vre fit to

Breit-signer shape we take

Z(m) =P n, a, (m)+P'(m),

where P(m) represents the polynomial background
and n„P are variable coefficients. For each

r( )=r (~ )"",
where mp Ip are the mass and width of a resonance
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FIG. 2. Invariant mass distributions for (a) p ~+ and g) pn from the reaction ~+@—~+~"pp, at 6 GeV/c.
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of spin 8 and q (q,}is the pion momentum asso-
ciated with m (m, ).

For P(m) we have tried polynomials of third,
fourth, and fifth order and find that the central
values (m, ) of the resonances are not sensitive to
the specific form of the polynomial background.
On the other hand, cross sections and resonance
widths (I;) do depend on the form of P(m). Further-
more, because of the shoulder at the high-mass
side of the p region, fits to the wn mass spectrum
generally have lour confidence levels and yield
rather high values for the mass and width of the
p' meson. To minimize this effect, me have made
a separate fit for the p region for 410&m„,
& 870 MeV using quadratic background and the ap-
propriate resonance shape function. We find m, (p')
=766 ~3 MeV, 1",(p')=146+12 MeV. For the f' and

g mesons we have extracted resonance parameters
using E(m) above. We find m, (fo) =12V2 a4 MeV,
I;(fe) =192 +16 MeV, m (g }=1690~5 MeV, I' (g)
=167+40 MeV.

The resonance cross sections @re obtain are
(v'v decay mode only)

o(p') =325 +33 p, b,

a(f') =290+30 p,b,

c(g ) =38.5 +16.5 )ib.

TABLE I. Differential cross section slope parameter,
b, for po, f o, and g production.

Itj interval
{GeV/c)2

b

{GeV/c) 2

po 0.02-0.30
0.30-0.80

0.04-0.26
0.26-0.80

0.10-0.80

10.5 + 0.5
3.3+ 0.7

11.4 + 0.8
5.5 + 0.5

6.6 + 0.7

creases in importance vrith increasing dipion mass.
The differential cross sections, da/dt, for the

p', f', g mesons are shown in Fig. 3. For the p'
and fe differential cross sections we observe a
change in slope which occurs approximately at
~t~=0.3 (GeV/c}a. This effect has been observed by
Gordon et al." at 6 GeV/c and by Oh et al."at
'1 GeV/c. We have fitted the p' and f' differential
cross sections to an expression of the form Ae '~'~

in the intervals
I tI-0.3 (GeV/c}' and It)&0.3 (GeV/c)'.

The results are given in Table I. The slope change
is consistent arith the assumption that pion exchange
dominates dipion production up to

~ tI =0.3 (GeV/c}'
and that other exchange processes become im-
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TABLE II, Energy-dependent assumptions for the ~-n scattering amplitude analysis. '

Partial wave

I =0, S

I=1, P

p region
0.60&m„~~0.90 GeV

Boo variable

5~& =arctan[mo I'{s)/(m02 —s)]

~1

mo, lo variable

Intermediate region
0.90& m«~1. 1 GeV

l5p variable

g~o variable

5~& as in p region

q~& variable

mo, I'0 fixed by p region

f region
1.1 & m „„~1.42 GeV

5& variable

go variable

5~ =a+bm„„, u, b variable

g& variable

m(), I'0 fixed by p region

I=Q, D 52 =arctan[mo I'(s)/(mo —s)]

F02 variable

m() =1.27 GeV, I'0=0.20 GeV

I=1, F 63 ——aretan[mo I"{s)/{mo —s)]

g& variable

m0=1.68 GeV, I'0=0.13 GeV

' I'(s) =[2mo/{mo+vs)]{k/ko) ' [DL(ko)/DJ(k)]~0, I"(s) =(mo/vs)(k/ko)'I'0, where s =square of the dipion mass, &
=spin of the resonance, k and ko are momenta of the ~ in the rest frame of the dipion system of mass vs, mo, re-
spectively:

Dq(k) =1+R& k, R~ =2.31 GeV; D2(k) =9+3R„k +R& k, R~ =3.23 GeV

portant at higher values of four-momentum trans-
fer. Examination of wn density matrix elements
indicates that pion exchange dominates reaction (1)
for low t. In Table I we also give, for the g' me-
son, the parameter b taken over the interval 0.10
«( t~ «0.80 (GeV/c)'.

In Fig. 4 are show the normalized moments of
the spherical harmonics, (I'0~(cos8)), as a function
of dipion mass and averaged over the region ~t(
«0.3 (GeV/c)'. Here, 8 is the rv scattering angle
in the Jackson coordinate frame. The most striking
feature is the rapid decrease in ( I",) at a dipion

TABLE III. Results of the n-~ scattering amplitude analysis as a function of dipion mass.

Mass
(GeV)

g0

(deg) (deg)
n3

f

0.64
0.68
0.72
Q.76
0.80
0.84
0.88
0.92
0.96
1.00

1.04
1.08
1.12
1.16
1.20
1.24
1.28
1.32
1.36
1.40

59+18
66+15
74 +18
60+10
66+ 9
72 ~9
80+9

112~10
99+8

186 +8

231 +10
255 +14
279 ~13
285 +10
279+ 10
279 ~11
291+17
279 +15
285 +10
308 +14

1.00 + 0.12
0.93+ 0.10
1.00 + 0.11

0.65 + 0.15
0.33~ 0.11
0.90 ~ 0.12
0.99 ~ 0.11
1.00+ 0.10
0.99+0.11
1.00+ 0.12
1.00+ 0.12
0.99+ 0.09
0.96+0.08

1.00 + 0,11
0.83 + 0.06
0.72 ~ 0.09

0.97+ 0.06
0.96+ 0.06
0.96 + 0.07
0.99+ 0.10
0.99+ 0.11
1.00 + 0.10
1.00 + 0.09
0.90 + 0.10
1.00 + Q.11
1.00 ~ 0.09

154+ 13
156+ 13
159~ 13
161+15
164~15
166+15
168+17
171~17

0.79 ~ 0.08
1.00 + 0.09
0.87+ 0.09

0.89 + 0.08
0.92 + 0.08
1.00 + 0.10
0.90 + 0.10
0.90+ 0.11
0.91 ~ 0.11
0.71 + 0.09
0.70 + 0.10
0.51+0.11
0.52 + 0.11

0.97 ~ 0.07
1.00+ 0.06
0.94 + 0,06

0.97+ 0.06
0.99~ 0.04
1.00 + 0.11
1.00+ 0.11
1.00 ~ 0.10
1.00 + 0.10
1.00 + 0.10
0,99 + 0.11
0.90 ~ Q.10
0.92 + 0.11
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mass of about 1.0 GeV. It was this feature which
enabled Protopopescu et aE.4 to resolve the up-down
ambiguity above the p mass region. This experi-
mental feature plays a crucial role in our analysis
of sw amplitudes (Sec. V). All moments & Y'~) with
mt0 are consistent with zero over the mass range
0.6 to 1.42 GeV with the exception of &Re FI) which
is = -0.05 up to 0.9 GeV dipion mass and consistent
with zero at higher masses. Thus, the data are
consistent with a one-pion-exchange mechanism.

lV. METHOD

tern is produced via one-pion exchange with back-
ground described by diffractive dissociation of the
target neutron (nucleon pole term, NPT). Details
of the model are given in Refs. 14 and 16; an out-
line is presented here. The total amplitude for
reaction (1) is written

&u, &'ITI»=&~, ~'IT. I»+&&'IT„ I»,

where ~, X' are the helicities of the incident and
outgoing nucleon, respectively, and p, is the helicity
of the dipion system. The one-pion-exchange term
is

To extract the wn scattering amplitudes from our
experimental data we have made use of the AOPE
model of Durand and Chiuy with the modifications
applied by Oh et al."and by Carroll et al.8 %e
assume that for

~ t~ ~0 3(Ge. V/c)', the dipion sys-
x d'„.(-0)y',"(~, 4 )1,

0'

&c)
0
2

I rtk IIIII/11
1)

III ~ITIl'II'f

where L, I indicate the relative orbital angular
momentum and isotopic spin of the dipion system,
C" and C are the Clebsch-Gordan isospin coeffi-
cients for the nucleon and nm vertices, respec-
tively; k is the pion momentum in the dipion sys-
tem, vs =m, „, q~ and 5~ are the inelasticities
and phase shifts of the dipion system; (8, p) are the
pion scattering angles in the Jackson coordinate
frame, III) is the rotation angle which relates the
helicity frame to the Jackson frame, and d~, (-g)
is the %'igner rotation function. The factors
f„~,~(s, I) contain the amplitude s and I dependence
[for pure OPE we have Q~ f,~, z~' proportional to

t/( I —m, ')']-. Thus, f„~,z contains absorption
corrections and off-mass-shell corrections for the
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FIG. 6. 7I'& invariant mass distribution for It I —0.3
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The solid curve is the AOPE model prediction from 0.6
to 0.98 GeV.
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v&/ vertex. Some numerical factors entering f„„,&
and the nucleon-pole term are different from those
chosen by Oh et a/. " For example, the off-shell
correction factor contains the wm vertex radius
factors suggested by Wolf, "and the nucleon vertex
amplitude is assigned a real part which is 0.2 times
the imaginary part. Also the diffractive nucleon
vertex is modified to agree with the experimental
t dependence at 6 GeV/c. " The differential cross
section is then written

9~O 1 k 1
I /&, /&. 'ITIX)l'

am„, atscos&64& 1024&/' k~ M' », ~' "'
(2)

where k~ is the incident pion laboratory momentum
and M is the mass of the neutron target.

V. RESULTS

For the nm phase-shift analysis we have selected
events with ~f~~0.3 (GeV/c)'. This cut reduces the
sample to 12 192 events. Furthermore, because
of limited statistics at high dipion mass, we ana.-
lyze only the mass interval 0.60 to 1.42 GeV. This
interval contains 9368 events.

To extract n'm scattering amplitudes the experi-
mental angular distributions and four-momentum
distributions as a function of m„were fitted to
Eg. (2), with q~ and 6~~ as free parameters. Since
the number of parameters to be determined is
large and the data are limited, some reasonable
assumptions were introduced to reduce the number
of free parameters to a manageable size.

The dipion mass distribution was divided into
three regions which were analyzed separately.
These mass regions are (a) the p region, 0.60-
0.90 GeV; (b) the . .ermediate region, 0.90-1.1

GeV; and (c) the f region, 1.1-1.42 GeV. The
assumptions used in each of the three regions are
summarized in Table II and discussed in detail
below. For the I =2 S- and D-wave amplitudes we
have taken the results of Baton et al. ' and Carroll
et al. as input to our analysis.

The experimental distributions in the three re-
gions were separately fitted in m, „ intervals of
40 MeV; the program MINUIT was utilized to mini-
mize p'. Preliminary results based on a smaller
data sample and employing the maximum-likeli-
hood method have been reported. " The two meth-
ods yield consistent results.

A. The p region {0.60-0.90 GeV)

Evidence from other experiments4' indicates
that D- and E-wave amplitudes are small in this
region. We therefore assume only elastic S and P
waves. Furthermore, we take the P wave to be
resonating (p meson) and have parameterized it
according to the form given in Table II, with m,
and I'p as free parameters. The number of param-
eters to be determined then is three: 6', m (p),
Fo(p). A large number of starting points were tried
in the y' search and a satisfactory fit having Z'/
D.F.=1.1 was obtained. For the mass and width
of the p meson we find m, = (767 + 4) Me V and F,
=146+14 MeV, which agree with the simple Breit-
Wigner fit discussed in Sec. III. The S-wave phase
shift, &„ is given in Table III and shown in Fig. 5.
We find only the "down" solution for ~,'." Similar
results for 6', in this mass region have been found
by Carroll et aE.' in the framework of the AOPE
model.

Figure 6 shows the dipion mass spectrum for
events with It~~0. 3 (GeV/c)'. The curve shown is
the absolute yield predicted by the model in the p
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region. The total cross section for the p region
agrees to within 50/0 of the model prediction
even though this agreement was not imposed as a
constraint. Omission of the nucleon-pole term in
the overall reaction amplitude results in a some-
what poorer fit to the mass spectrum, but changes
&o by less than 0.5o'. The four -momentum transfer
distribution is shown in Fig. 7(a) and the angular
distributions are shown in Figs. 7(b) and 'l(c). The
curves display the AOPE model predictions in-
corporating the best-fit values for m, (p), I;(p),
and &', .

B. The intermediate region {0.90-1.1 GeU)

In this mass region partial waves up to and in-
cluding I. =3 are necessary. Thus eight param-
eters must in principle be determined. To reduce
the number of fitted parameters, we assume that
the phases &'„&,', and &'3 are given by appropriate
Breit-Wigner formulas (Table II) for the p, f, and

g meson, respectively. For m, (p) and I', (p) we
take the values determined in the p region, while
for the corresponding m, and I'o for the f and g
mesons we take the values given in Table II."
Thus, there remain five parameters to be deter-
mined in the mass region 0.90 to 1.1 GeV: '„q'„

I 0 I
f 'g2, and 'g3 ~

We find a, satisfactory fit with II'/D. F. = I and, as
was the case for the p region, the fit is somewhat
poorer if the nucleon-pole term is omitted, but
the effect on the free parameters is negligible. In
the fitting procedure, continuity with the neighbor-
ing regions was not a constraint. We find that a
change of 25 MeV in the width of the f' does not
affect the results, and we also find the fit to be in-
sensitive to the assumed mass or width of the g

meson.
The results for this mass region are presented

in Table III and in Fig. 5. The S-wave phase shift,
&„ exhibits the sharp rise in the vicinity of the
KK threshold that was first observed by Protopop-
escu et al.' A dip in q~ is apparent from our re-
sults, but the precise location in dipion mass
where qo begins to drop is difficult to establish.
The inelasticities q,', q'„and q', are consistent with
unity. The four-momentum transfer distribution is
shown in Fig. 8(a) and the angular distributions
in Figs. 8(b) and 8(c). Again, the curves display
the AOPE model predictions incorporating the
best-fit values of the free parameters. As in the
p region, agreement between the data and the
model predictions is good.
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C. The f0 region {1,10-1.42 GeV)

Partial waves up to and including I. = 3 are re-
quired in this mass interval. The energy-depen-
dent assumptions are identical to those of the in-
termediate region except for the phase 6,'. A linear
variation with mass (&r =a+bm«) was assumed;
two free parameters then describe the P-wave
phase shift. In all, there are seven parameters
to be determined in the f' region: 80O, a, b, II'„
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The overall X' fit in the f' region is poorer than
that for either the p or intermediate regions. We
obtain g'/D. F. = 2. Omission of the nucleon-pole
term has no effect in this high-mass region. The
total cross section predicted by the AOPE model
is about 25% higher than experimentally observed. "

4QO-

300-

ru
rn

O
O~ 200-
cor-
z
UJ

UJ

IOO-

800-

200 .

(b)

40Q-

300-

IOO "

-0 2-
0.4-
0 5-
0.2-
0 I—

-0 I-

0.3-
p. 2—

0. 1—

pp-

s I r I r I r I
I I r I r I I

I r I r I r I

I r I r l

I r I r I r I
I ' I ' I ' I

'3

I r I
I

4

Ti rf?TT
f g f I

r

0.0 Q. I 0.2 0,3

[r,
~ rrr..vrcr'j

~ I ~

-0. I 0.0 Q. I "180 0 180

COS 8

—0 I—

0 2

0.6 0.8 0.8 I.0

HASS r~ Tf-) rGeV)

I ' I ' I

10 12 14
I I

I.2 1.4

FIG. 9. {a) dA/dt, {b) d&/dcos&, and {c)dN/dQ for
the f 0 region (1.10—1.42 GeV). The solid curves are
the AOPE model predictions.

FIG. 10. Extrapolated moments for L = 1 to L = 6 in
the ~~ mass region 0.6 to 1.42 GeV. The solid curve has
been calculated using the parameters of Table III.
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Since absolute normalization was not imposed as a
constraint in the fit, we do not believe this cross
section discrepancy affects the results for phases
and inelasticities.

Results are presented in Table III and in Fig. 5.
~p increases slowly from about 260' to 300' in this
region; gPp returns to unity at 1.14 GeV and remains
so throughout. %blether this behavior of the S wave
is consistent mith the existence of a resonance near
the f' mass is still an open question. ' The P wave
remains elastic and &', increases slowly toward
170'. The D wave becomes inelastic around 1.28
GeV; our value of q, =0.7+0.1 is consistent with
the known branching ratios of the f' meson into
inelastic channels. The E-wave inelasticity, q'„
is consistent with unity throughout.

In Fig. 9 the experimental distributions for the
f' region are shown. Again, the curves are the
AOPE model predictions calculated for the best-
fit values of the free parameters. Agreement be-
tween the model and the azimuthal (Treiman-Yang)
angle distribution is poor, but the predicted dis-
tributions in cose and ~t~ are in excellent agree-
ment with the data.

In Fig. 10 we show' the normalized moments
( I'0~) extrapolated to the pion pole. The moments,
for a fixed m„„, mere fitted to 1inear functions of
t for ~t~~0. 3 (GeV/c)'. The confidence levels of
the fits were 25% on the average. The curves on
Fig. 10 mere calculated from parameters of Table
III. Even though a linear extrapolation to the pion
pole of the normalized moments may be an over-
simplified approach, ' it is interesting that the
extrapolated moments agree so mell with the re-
sults of the AOPE model fit to the data in the physi-
cal region.

Vl. CONCLUSIONS

In the framemork of an absorption-modified OPE
model and certain energy-dependent assumptions,
we have extracted mm amplitudes in the dipion mass
interval 0.60-1.42 GeV. %e find that: the I =0 S-
wave phase, &p, follows the "down" solution from
0.6 GeV until about 0.9 GeV. Then &, increase
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FIG. 11. The Argand diagram for the S-wave I= 0 7(7r

amplitude from 0.64 to 1.40 GeV.

rapidly from 90' near 0.9 GeV to 270' near 1.1
GeV. This behavior of &Pp near the KK threshold
is accompanied by a sharp drop in g'p. These fea-
tures agree well with those first observed by
Protopopescu et al.' and by the CERN-Munich
group analyses. ' In the higher-mass region (above
1.1 GeV) we find the D wave to be inelastic near
the mass of the f meson, and we find the E wave
consistent with being completely elastic up to 1.42
GeV. In Fig. 11 me show the Argand diagram for
the I =0 S-wave vm amplitude from 0.64 to 1.40
GeV.
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