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Measurements of the reactions 7" n; —m* 7 p at 5.98 and 11.85 GeV/c and 7 py—m 7" n at 17.2
GeV/c enable model-independent amplitude analyses which yield two solutions for moduli and cosines
of certain relative phases of the two S-wave and six P-wave production amplitudes describing the pion
production process below the dipion mass of 1000 MeV. We obtain four solutions for the S- and
P-wave intensities in the physical region of the 7N —7*7~N reaction. The results for the S-wave in-
tensity provide solution-independent evidence for a new resonant state I =0 0% *(750). Its "7~ decay
width depends on the solution and is estimated to be in the range of 100-250 MeV. The =0 0**(750)
meson is best understood as the lowest-mass scalar gluonium 0* *(gg). Our results emphasize the need
for a systematic study of pion production on the level of amplitudes in a new generation of dedicated ex-
periments with spin at the recently proposed high-intensity hadron facilities.

PACS number(s): 14.40.Cs, 13.75.Gx, 13.85.Hd, 13.88.+¢

I. INTRODUCTION

The isoscalar meson o with a mass near p® mass has a
long and still controversial history. Following the
discovery in 1961 of the p meson in wN — 7N reactions
[1], large and energy-independent differences were ob-
served [2—4] in the 7~ 7° and 7~ 7 angular distributions
over a broad region [5-7] of the dipion mass m. The
7~ n° forward-backward asymmetry changes sign [7] as it
goes through the p~ mass while the 7~ 7" distribution
shows a maximum [7] at the p° mass in its large forward-
backward asymmetry. The forward-backward asym-
metry A4 ~Rep,, measures S- and P-wave interference.
The behavior of A (7~ 7°) corresponds to a large and
resonating P wave interfering with a nonresonant and
essentially real S wave. Two possible explanations were
proposed [4] to account for the behavior of the asym-
metry A (7w~ 7"): (1) a strong isoscalar S wave or (2) the
existence of an isoscalar resonance 0" % near p° mass.
Early models of pion production invoking both alterna-
tives described well the 7~ 7° and 7~ 7% unpolarized
data [8] and later [9] the data on a polarized target in
T Py — 7~ 7 n. Experiments on unpolarized targets do
not measure enough observables to isolate the two con-
tributing S-wave amplitudes, and thus are not selective.

An alternative is to search for resonances in 77— 7w
reactions. In the absence of colliding pion beams,
model-dependent extrapolations of the unpolarized data
on mN — N into the unphysical region of —¢ were used
to obtain estimates of the phase shifts in 77— 77 scatter-
ing. Two solutions [10-13] similar to the alternatives (1)
and (2) were invariably produced for the I =0 S-wave
phase shift 83 in # -7 —#7 "7 *. In principle, a solution
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can be selected from the study of 7~ 7" —7°7° where the

S wave can be determined without P-wave interference.
Originally, the nonresonating solution was selected [12]
by a comparison with 7°7° mass spectrum from
7 p—7m'nr’n at 8 GeV/c (Ref. [14]). A more recent
study of 7 7" —7°7° based on measurement of
7 p—7'7® ATT at 8 GeV/c (Ref. [15]) prefers the
resonating solution of Ref. [12]. The 7°7° mass spectrum
from mtp —n°7°AT " at 16 GeV/c has not resolved this
issue [16]. One difficulty with such comparisons is that
the #°7° is integrated over various intervals of momen-
tum transfer —t, and, while there are two S-wave ampli-
tudes in m#N — N reactions, there are five S-wave am-
plitudes in #N —mmA reactions. Moreover, the deter-
mination of the w7— 7 phase shifts from unpolarized
data relies on several enabling assumptions
[11-13,17-19]. As we will discuss later, these assump-
tions are not well supported by the results of the experi-
ments with spin.

The truly model-independent approach to the study of
the structure of S-wave pion production in 7N — 7N re-
actions is amplitude analysis, i.e., the construction of pro-
duction amplitudes directly from the experimental data.
The first step in this direction was taken in 1973 by Esta-
brooks and Martin [20]. They showed that spin-density-
matrix (SDM) elements measured in 7N — 7N produc-
tion on an unpolarized target for dipion masses below
1000 MeV enable an amplitude analysis provided that the
amplitudes with exchanges of 4, quantum number can
be neglected. The next step was taken in 1978 by Lutz
and Rybicky [21] who showed that measurements of the
pion production on a transversely polarized target deter-
mine enough observables that a nearly complete ampli-
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tude analysis is possible, including the 4,-exchange am-
plitudes neglected by Estabrooks and Martin. However,
the solution for amplitudes has a twofold ambiguity. It
thus appeared possible that the old problem of two solu-
tions for S-wave amplitudes, one nonresonating and
another showing a possible scalar state near p°, may not
be decided even by experiments on polarized targets.
Moreover, with the A4,-exchange amplitudes included,
there now were four solutions for the S-wave intensity
I¢(m,t). The selection of the solution requires difficult
measurements of the recoil nucleon polarization or S-
wave intensity from the 7N — 7°7°N reaction. However
for the decision concerning the existence of the ¢ meson
it would be sufficient to show that all solutions show reso-
nant or nonresonant structure.

The central claim of this work is that the measure-
ments of 7N —7 "7~ N on a polarized target provide evi-
dence for an I =0 0" (750) state which is solution in-
dependent.

This conclusion is based on an amplitude analysis of
data from measurements of the reaction 7 p; —7 7' n
at 17.2 GeV/c in the kinematic region of small ¢ [22,23],

600<m <900 MeV with —¢=0.005-0.2 (GeV /c)*
(1.1

and the reaction Tr*nT—»Tr“L-n'*p at 598 and 11.85
GeV/c at larger ¢ [24,25],

360<m <1040 MeV with —¢=0.2-0.4 (GeV /c)?.
(1.2)

The method of amplitude analysis and the results for nor-
malized nucleon transversity amplitudes in the reaction
7T+n1—>7r+ﬂ'_p appeared earlier [24,26,27]. In this arti-
cle we present our results for the moduli squared of un-
normalized amplitudes for both reactions using the same
method of analysis in the kinematic regions (1.1) and
(1.2). We then study the mass distributions on the level
of amplitudes and partial-wave cross sections. All mass
distributions are normalized to 1 at their maximum
value. The normalized S-wave intensities show resonant-
like shapes in all solutions in both reactions at a mass
around 750 MeV and with a width of 100-250 MeV. In
addition, the S-wave amplitudes are approximately in
phase with the dominating P-wave amplitudes in this
mass region. These results provide model-independent
and solution-independent evidence for the existence of an
I=0 0*"7(750) state. The solution-independent nature
of the evidence for this new scalar state has been pointed
out already in the earlier presentations of the preliminary
results [28—31]. This solution independence suggests that
the only ambiguity in the amplitude analyses regarding
the S-wave structure is the relative contribution of the S
wave and P wave to the pion production process. This is
a new and crucial contribution of the model-independent
amplitude analysis of pion production processes to the
experimental and theoretical hadron spectroscopy.

This paper is organized as follows. In Sec. II we briefly
review the basic notation and describe our results for the
mass dependence of unnormalized amplitudes at small

momentum transfers in 7 p;—7 7'n and larger
momentum transfers in 77 n 1 — 777 p corresponding to
the binnings (1.1) and (1.2), respectively. In Sec. III we
discuss the solution-independent evidence for an I =0
0" *(750) state from the partial-wave intensities. Section
IV is a brief note on the tests of assumptions used in
phase-shift analyses of 77 and K 7 scattering. In this sec-
tion we also compare our results with the phase-shift
analyses. In Sec. V we briefly discuss the possible constit-
uent nature of the I =0 0% *(750) resonance and con-
clude that it is best understood as the lowest mass gluoni-
um state 0" *(gg). The paper closes with a summary in
Sec. VL.

II. AMPLITUDE ANALYSIS

For invariant masses below 1000 MeV, the dipion sys-
tem in 7 N—7" 7N reactions is produced predom-
inantly in spin states J =0 (S wave) and J =1 (P wave).
The experiments on transversely polarized targets then
yield 15 spin-density-matrix (SDM) elements describing
the dimeson angular distribution. The measured SDM
elements are [24,25]

Pss tPoot 20115 Poo—P11> P11 > (2.1a)
Repip, Repys, Repy; ,
Pt t2el, poo—Pl PI-1 s (2.1b)
Reply, Rep’;, Repy; ,
Imp}_;, Impf, Imp7, . (2.1¢)

The SDM elements (2.1a) are also measured in experi-
ments on an unpolarized target. The observables (2.1b)
and (2.1c) are determined by the transverse component of
the target polarization perpendicular and parallel to the
scattering plane 7N — (777 )N, respectively.

For the purposes of amplitude analysis, the observables
(2.1) and d2?0/dm dt=3 can be expressed [21,26] in
terms of two S-wave and six P-wave nucleon transversity
amplitudes (NTA’s). In our normalization

ISP+ISP+ILP+ILP+|UP+I|TP+IN?+IN>=1,
(2.2)

where 4 =S,L,U,N and 4=S,L,U,N are normalized
nucleon transversity amplitudes with recoil nucleon
transversity “down” and ‘“‘up” relative to the scattering
plane. The S-wave amplitudes are S and S. The P-wave
amplitudes L,L have a dimeson helicity A=0 while the
pairs U,U and N, N are combinations of amplitudes with
helicities A==*1 and have opposite z-channel-exchange
naturality [24-27]. In #N—7* 7N reactions the un-
natural exchange amplitudes S,S,L,L and U, U receive
contributions from “7” and “A4,” exchanges. The natu-
ral exchange amplitudes N, N are dominated by “A4,” ex-
change.

The SDM elements (2.1a) and (2.1b) organize them-
selves into two independent groups corresponding to
their sum and differences [26]. The first group (sum) in-
volves the following moduli of normalized NTA’s and
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cosines of their relative phases:

Is?, L%, |Ul%, INP*,
(2.3)
cos(ygr), cos(ysy), coslypy).

The second group (differences) involves amplitudes of op-
posite transversity:

ISP, ICLI% 1T, INI?,
(2.4)
cos(¥g ), cos(¥sy), cos(¥Vry) .

In each (m,t) bin amplitude analysis yields two analytical
solutions for amplitudes (2.3) and (2.4). The technical de-
tails are given in Refs. [21,22,26].

One of the solutions provides P-wave moduli which are
always larger than the moduli in the second solution. We
label the larger and smaller solutions as solution 1 and
solution 2, respectively. In some (m,?) bins we obtain
two complex conjugate solutions for the moduli. In such
a case we accept their real part as an approximate double
solution which we label solution 0. In the following
figures the results for solutions 1 and 2 are represented by
the symbols } andf , respectively. Solution 0 is
represented by the symbol O without error bars. The er-
rors on solution 0 are comparable to nearby real solu-
tions.

The results for normalized NTA in the reaction
7tn;—7 77 p at 5.98 and 11.85 GeV/c were reported
in Ref. [26]. In this section we present the mass depen-
dence of unnormalized amplitudes | 4[> and |43,
A =S,L,U,N. For comparison we present also the re-
sults 7 py—m 7w n at 172 GeV/c. For X in
7 n—7" 7" p we used the estimate of d2o /dm dt given
in Ref. [25]. For X in the reaction 7 p—m 7' n we
used d’0 /dm dt given in Ref. [32].

The results at small ¢ in the kinematic region
0.005 < —¢ <0.2 (GeV/c)? from reaction T Py -7 7tn
are given in Fig. 1. The results at larger ¢ in the region
0.2< —¢<0.4 (GeV/c)* for the reaction 7tn, -7 p
at 5.98 GeV/c are presented in Fig. 2. The results at
11.85 GeV/c are similar. All presented results are in the
t-channel helicity frame of the dipion system.

We first notice that the two solutions for the P-wave
moduli are very similar. The principal difference between
the two solutions are the S-wave moduli and the cosines
of relative phases, and even there the differences are not
pronounced.

The pion production process is clearly dominated by
the amplitude |L|*3 at both momentum transfers. While
the amplitudes |L|?3 and |L|*Z show the expected reso-
nance structure due to p° resonance, the amplitudes
IN|*’S and |U|*S appear broad and structureless, even
though they resonate. At the lowest energy of 5.98
GeV/c, also the amplitude |U|*Z appears broad struc-
tured. Naively, one would expect all P-wave moduli to
show a clear p° peak.

At small ¢, solution 1 for amplitudes |S|?Z and |S|>3
has structure suggestive of a resonance while solution 2 is
broad structured. At the larger momentum transfers
0.2< —1<0.4 (GeV/c)? solution 2 is appreciably larger
and more suggestive of a resonance contribution in the S

wave. This change is indicative for a significant ¢ depen-
dence of mass distributions, and was confirmed by a re-
cent study of the ¢ evolution of m dependence of moduli
squared of NTA’s over a broader interval of momentum
transfers [33].

From the point of view of evidence for a scalar state
near the p° mass, important information is provided by
the relative phases 7g; and yg; between the pairs of am-
plitudes S,L and S, L, respectively. At both momentum
transfers the amplitudes L and L dominate and show a
clear resonant behavior. At small ¢, solution 1 gives am-
plitudes S and S in phase with L and L, respectively. In
solution 2, there is a phase difference with 75, and yg
ranging from 0° to about 50° in the mass region from 600
to 900 MeV. At the larger ¢, both solutions show some
small phase difference which is constant or varying slow-
ly in the mass region of po. If the S wave were entirely a
structureless background, then one would expect a large
and rapid variation of these relative phases. The ob-
served relative phases are consistent with a constant or
slowly varying phase difference in both solutions over the
p° mass region. Such behavior of relative phases strongly
supports the view that the resonant structure in the S
wave near the p° mass is solution independent.

III. PARTIAL-WAVE INTENSITIES

The solutions for amplitudes with opposite transversi-
ties (2.3) and (2.4) are entirely independent. We can
denote the two solutions for normalized nucleon
transversity amplitudes as 4 (i) and A4(j) with i =1,2
and j =1,2. Because the moduli squared in (2.3) and (2.4)
are independent, there is a fourfold ambiguity in the
partial-wave intensities. Using the indices / and j to label
the four solutions, we get

LG H=[l4DOP+]A()P)Z, (3.1)
where 4 =S,L,U,N and 2 is the reaction cross section.
The partial-wave intensities (3.1) are defined in the physi-
cal region and depend on the dipion mass m and momen-
tum transfer ¢, i.e., I , =1 ,(m,t).

To study the similarities in shapes of partial-wave in-
tensities in all solutions we work with partial-wave inten-
sities R , normalized to 1 at their maximum value at a
given t. We define

R G)=T 4, )/T 40, j)max » 3.2)
where
I ,(i,j)max=MaxI ,(i,]) (3.3)
m

is the maximum value over m at fixed ¢. For each pair of
amplitudes A4 and 4, 4 =S,L,U,N there are four nor-
malized resonant shapes R ,(i,j) which depend on m and
t. Because of relatively large errors on Rg we have not
performed fits with the Breit-Wigner formula. We esti-
mate the width of each shape by its width at one-half the
height of the normalized intensity.

The ratios Rg and R, for dimeson helicity states A=0
are shown in Figs. 3 and 4 at 17.2 and 5.98 GeV/c, re-
spectively. In Fig. 3 we notice the similarity of resonant
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FIG. 1. The mass dependence of moduli squared of S-wave and P-wave nucleon transversity amplitudes and cosines of their rela-
tive phases at momentum transfers —¢ =0.005-0.2 (GeV/c)? in reaction 7 p—7 7 "n at 17.2 GeV/c. The symbols t, *, and O
denote solution 1, solution 2, and solution O (real part of complex solution), respectively.



46 EVIDENCE FOR A SCALAR STATE I=0 0**(750) FROM . . . 953

5.98 GeV/c t channel -t=02-04 5.98 GeV t channel t=0.2-04
Solution 1 Solution 2 Solution 1 Solution 2
T T T T T T T T T T T T T L T T T T T T T T T T T T T T
of a I @] o . i (b
ISI°X ISI"Z
4.+ -T — 4. - T E

:- :o_ i+ _+_+¢Lll “_a t_ Y _+_+ O¢ _+_ O: : :T_ e _o_&ojloj F_. q; s_4 _o_+_+o_+°_+_+_ i:

o H——+—1 + —————t—+—+ o H—F————— - ——————+
2
(N> } L
6. F + . 6. |- + .
— *O * +o + —
P 2
2 Lt + : 2 .t 1 1
5 + ]l + 4 4 3 ° °
el o ° >
[ 2+ + . g 2. + + =+ + N
] + . 3 } ty
i o to—+——+—~+t—+—+——F—+F+to V'Y !l } i 0 ft—=a_*t o t ° 1 loe o ® © @ ° [ ]
2| V> 1 J oL WPZ 1 J
o o
0 a4 #+4 L{'}‘Lf}”l' J’ ollo e 6.4 ‘0+°*+ e O O fs—ay +40O ++O+J t+ tle o 0,0 0+0+| * ¢ 9
T T Ll T 1 T T T L T T
6. | _ -+ — 6. -+ =
N2z INI2Z o

A | | | o _
LA e LA K I T} 1 L.+T+ .l“ ol ..+?+ Hl

0 Q
400 600 800 1000 400 600 800 1000 400 600 800 1000 400 600 800 1000
m@E*+ ) (MeV) m(ntn) (MeV)

5.98 GeV/c t channel -t=02-04 5.98 GeV/c t channel t=02-04
Solution 1 Solution 2 Solution 1 Solution 2 ( )

TTIETE O ‘[

Of——=-—-—-—-—-—-—-—-—- i of-q4q---------- +-4--=-=---=---
cos (Yg, ) o cos (Yg)
5[y t I N 1 T 1 1 { L L L =Sy 1 11 1 11 L 1 1 I 1 1
5>_T T T T T T I___l T T T T T l_ .5_1 T T T T T I_)_I T T T T T l~
cos (Y ) cos ()
OF -4 — = — — = = — — — — 4 e - — — — = — — — — — { OF - —— ==~ = - — - -4 = = — = = = — = — — — —{

RRRITI TR RN TR L I A TR AN S 20

. L 1. L g
400 600 800 1000 400 600 800 1000 400 600 800 1000 400 600 800 1000

m(m*t ) (MeV) m(ntmT) (MeV)

FIG. 2. The mass dependence of moduli squared of S-wave and P-wave nucleon transversity amplitudes and cosines of their rela-
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shapes in the intensities I, corresponding to the p° reso-
nance with a width of 160 MeV. The resonant shapes R
are smooth despite some points coming from the complex
solutions. This suggests that we can consider with the
same confidence also the structures in the S-wave ratios
Rg. All ratios R exhibit a resonantlike shape at 750 or
730 MeV but there are differences in their widths. The
solutions Rg(1,1) and Rg(2,1) have a clear resonant
structure with an estimated width about 100—130 MeV
and 160-180 MeV, respectively. The solutions Rg(1,2)
and Rg(2,2) show broader structures but they are still
compatible with a resonance with a width of about 200
and 250 MeV, respectively.

In Fig. 4, the results at 5.98 GeV/c show again nearly
identical and smooth ratios R; which at these larger
momentum transfers show a width of 200 MeV. The p°
resonance in R; has an asymmetric shape with a max-
imum value at 807 MeV. The S-wave ratios Rg show dis-
tinct structures at 750 or 730 MeV in all solutions and
their shapes indicate the presence of an S-wave resonance
at this mass. Because of large errors it is more difficult to
estimate the width. The solutions Rg(1,1) and Rg(1,2)
have a narrow width of about 70—-160 MeV. The width
of Rg(2,1) and Rg(2,2) is about 150-230 MeV. We note
that the solution Rg(2,2) at these larger momentum
transfers shows a more distinct and narrower resonant

17.2 GeV/c t channel -t=0.005-0.2
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shape than Rg(2,2) at the small momentum transfer
shown in Fig. 3. The comparison of the ratios Ry and
R, in Figs. 3 and 4 suggests some ¢ dependence of the
widths of resonant shapes.

It is interesting to compare our results for R with the
ratio of S-wave intensities in 77~ —7'7" estimated
recently [15] by extrapolation in the reaction
7 p—a°7°A* " at 8.0 GeV. The comparison is shown
in F1g 5 at 17 2 5.98, and 11.85 GeV/c. The ratio
Rg(m* 7~ —7°7°) exhibits a broad structure. At all en-
ergies the narrower resonant shapes Rs(1,1) are within
the structure in Rg(7* 7~ —7%7°). The solution R(2,2)
agrees well with Rg(7+ 7~ — %) only at small momen-
tum transfers (at 17.2 GeV/c). At larger momentum
transfers the solution Rg(2,2) is narrower. Since the
solutions R (i, j) are in the physical region of momentum
transfers ¢, we cannot use their comparison with
Rg(m 7~ —7%7°) to select a unique solution. Moreover,
there are five S-wave amplitudes in the reaction
7 p—7°7°A* " in contrast with two S-wave amplitudes
in 7N —7 "7~ N reactions.

For completeness we show in Fig. 6 the ratios R and
Ry for the amplitudes U and N corresponding to dipion
helicities A=11. At 17.2 GeV/c, the p° resonance shape
in Ry(2,2) and Ry(2,2) peaks at 750 MeV while in R,
with A=0 it peaks at 770 MeV. We conclude that the ap-
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FIG. 3. The mass dependence of S-wave and P-wave partial-wave intensities scaled to 1 at maximum value showing the spectral
shapes for dimeson helicity A=0 at momentum transfers —¢ =0.005-0.2 (GeV/c)? in reaction 7 p—7 " 7' n at 17.2 GeV/c. The
symbols are as in Fig. 1. The line is to guide the eye.
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shapes for dimeson helicity A=0 at momentum transfers —t =0.2-0.4 (GeV/c)? in reaction 77 n —7" 7 p at 5.98 GeV/c. The sym-

bols are as in Fig. 1. The line is to guide the eye.

parent position of the p° resonance depends on the
dimeson helicity in this solution. There is some depen-
dence of the width of resonant shapes in R;; and Ry on
the solution. The width of Ry is ~150 MeV for the solu-
tion Ry(1,1) and about 125 MeV for R;(2,2). Similarly,
the apparent width of Ry is about 200 MeV for Ry(1,1)
and 160 MeV for Ry(2,2). This decrease of the width in
Ry(2,2) and Ry(2,2) correlates with the increase of the
apparent width in Rg(2,2).

The results at larger momentum transfer at 5.98
GeV/c show a somewhat asymmetric shape of R;;. The
ratios Ry for natural exchange combinations show
smooth resonant shapes. For the solution Ry(1,1) the
apparent position of the p° peak is at 750 MeV and its
width is about 150 MeV. The solution Ry(2,2) peaks at
770 MeV and its width is also about 150 MeV. With the
p° peak at 807 MeV in the ratio R; we again find that the
apparent position of the p° resonance depends on its heli-
city state.

IV. ANOTE ON PHASE-SHIFT
ANALYSES OF 77— mm REACTIONS

It is the similarity of the two resonating S-wave solu-
tions in which our amplitude analysis in the physical re-
gion of the process N —7 7~ N differs from the con-

clusions of the phase-shift analyses of pion-pion scatter-
ing. We recall that those analyses produced two solu-
tions for the S-wave phase shifts: one which resonates at
750 MeV and another one with a broad nonresonating
structure [12].

Of course, there are no actual measurements of pion-
pion scattering. The phase-shift analyses used =m
scattering ‘“‘data” obtained from measurements of
#N—mt 7" N on unpolarized targets together with
several necessary enabling assumptions: (i) the factoriza-
tion of the dependence of production amplitudes on the
dipion mass and momentum transfer ¢ (Refs. [17,18]); (ii)
the vanishing of nucleon helicity nonflip amplitudes with
unnatural “A4,” exchange [11-13,19]; (iii) the propor-
tionality of the S-wave and P-wave amplitudes with
dimeson helicity A=0 (Refs. [11,12]). These assumptions
lead to predictions which are testable in experiments with
polarized targets. Assumption (i) leads to the prediction
that the moduli | 4| and | 4|? of nucleon transversity
amplitudes with opposite transversities have the same
resonant shape independent of ¢. This is not observed in
the amplitude analyses based on polarized data [26]. As-
sumption (ii) implies

Pt tptot201=—2pl—p)=+2p] -1,
Repjy=Rep);, =Rep, =0 .

(4.1)
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The data for polarized SDM elements clearly rule out
these predictions [25]. Assumption (iii) is also ruled out
by the explicit results of the amplitude analyses [26].
Another consequence of assumption (ii) is that
A =— 4 for nucleon transversity amplitudes with un-
natural exchange [26]. This means | 4|?2=|4|?3 for
A =S§,L,U. Figures 1 and 2 show clearly that this is not
the case and that A4 ,-exchange contributions to the nu-
cleon transversity amplitudes are large and nontrivial, in

17.2 GeV/c -t=0.005-0.2
T T T T T T T 1

s (a) |
(Is )max

9 | --O--Solution (1,1) 4
—e—Solution (2,2)

8 } N. Cason et al, Phys. Rev. 4

D 28 (1983) 1586.
7+ .
6
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particular to |L|*Z and |L|?Z. In phase-shift analyses of
7 — 7 scattering assumption (ii) was made [12,13] to
enable the extrapolation of 7N —7"7 N data to the
pion pole. The presence of large A, exchange means that
these extrapolations, and consequently also the 77 phase
shifts, are only approximate.

A more general form of assumption (ii) was suggested
by Ochs in Ref. [19]. Consider nucleon helicity ampli-
tudes A, where 4 =S,L,U and n =0,1 is the nucleon

5.98 GeV/c -t=02-04
T T T T T T T T
| Is ( b ) |
( lS )max
9 | --0--Solution (1,1) i
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FIG. 5. The normalized S-wave partial-wave intensities at 17.2, 5.98, and 11.85 GeV/c compared to the normalized S-wave inten-
sity Rg (777~ —7°7°) from Ref. [15]. The S-wave partial-wave intensities are normalized to 1 at their maximum value. The lines
are to guide the eye.
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helicity flip. Instead of 4,=0 required by assumption
(ii), Ochs proposed a proportionality 4,=c A4, where c is
a factor common to A =S,L,U amplitudes. A phase-
shift analysis based on Ochs’ assumption differs from the
analysis using 4,=0 by a normalization factor Vi+]e?
for the magnitudes of the amplitudes. The behavior of
phase shifts is the same in both analyses. Ochs’ assump-
tion leads to testable predictions for polarized SDM ele-
ments. One can show that it implies relations

Repo—Reply — Rep;; —Repi; _ Repy; —Rept —
RepiotReply Rep;+Repl;  Repy, +Repy;

4.2)
where

_le—il?
r= 5
le +i]
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g=-2C and 4 =p +pho+2pt .

1+]c|
Relations (4.2) and (4.3) are not well supported by the
data on polarized targets in particular at larger momen-
tum transfers [27].

For a comparison of our S-wave intensity Rg with the
results from conventional phase-shift analyses of w7
scattering, we refer the reader to examine Fig. 19 in Ref.
[15]. This figure shows S-wave intensities (normalized to
1 at maximum value) from several conventional phase-
shift analyses of the #¥#~ — 77~ reaction. There are
three broad and structureless solutions (labeled A4,B,C)
and one resonant solution (labeled D) which resembles
strongly our results shown in Fig. 5. The curves 4 and D
correspond to solutions 1 and 2 in the analysis of Esta-
brooks and Martin in Ref. [12]. As discussed in the In-
troduction, the resonant solution 2 (curve D in Fig. 19 of
Ref. [15]) has been conventionally rejected.

In Fig. 7 we show the cosine of the relative phase be-
tween the I =0 S wave and the dominant P wave for the
two solutions for partial waves in the phase-shift analysis
of Estabrooks and Martin taken from Ref. [12]. Solution
1 shows a large change of the cosine in the p° mass range
as expected from the interference of a structureless and
broad S wave with a resonating P wave. Solution 2 shows
essentially a constant cosine of the relative phase in the

and

q= A—2p] _ A4 +2(pgo—pi1) _ (plo—pl1) tpPI—1
1—2p,, 14+2(poo—p11) (Poo—pP11)tp1—1

_ Rep’, _ Rep, _ Repd, “43)

Repy  Repy;;  Repy,
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FIG. 7. Two solutions for the cosine of relative phase be-
tween S- and P-wave partial-wave amplitudes from phase-shift
analysis of 7" 7~ — 77~ by Estabrooks and Martin [12].

whole mass region considered, and corresponds to a reso-
nant S-wave intensity (curve D in Fig. 19 of Ref. [15]).
When we compare the cosines in Fig. 7 with cos¥g; and
cosyg, in Fig. 1, we notice that none of our solutions
behaves like the nonresonant solution 1 in Fig. 7. Our
solution 1 for cos¥g; and cosyg; at 17.2 GeV/c is very
similar to solution 2 of Estabrooks and Martin. Our solu-
tion 2 for cos¥g; and cosyg; in Fig. 1 changes slowly in
the p° resonance region and is thus compatible with a res-
onant S wave.

At this point we remind the reader that our results are
in the physical region of 7 p—m w'n and
7 n—mt 7 p reactions. In making the above compar-
isons we have neglected the off-mass-shell dependence of
1w scattering amplitudes. Also, our results contain A4 ,-
exchange contributions which were neglected in all
phase-shift analyses. Finally, our S wave includes a small
isospin I =2 contribution which we cannot isolate.

The principal reason for the discrepancy between our
results and the conventional results for Rg (the curves
A,B,C in Fig. 19 of Ref. [15)) is the existence of large and
nontrivial A4,-exchange contribution to the nucleon heli-
city nonflip amplitudes S,, Ly, and U,. The A4,-
exchange contribution is particularly large in the P-wave
amplitude L, which is responsible for the large
differences between |L|*Z and |L|?Z. The large ampli-
tude L, is also responsible for distortions in the S-wave
amplitude in phase-shift analyses of 7 scattering, lead-
ing to the observed discrepancies between our results and
the conventional results for the S-wave intensity Rg.
Since there is no P wave in 77~ — %70 reaction to dis-
tort the S-wave amplitude in phase-shift analysis, our re-
sults for the S-wave intensity Rg are in a reasonable
agreement with the results of Cason et al. (Fig. 5).

We conclude that the existing phase-shift analyses of
7w — 71 and K7— K7 reactions do not contain the in-
formation provided by the measurements of
7#N—7"7 N and KN —KnN reactions on polarized
targets. We may expect that phase-shift analyses which
do take into account the information from the experi-
ments with polarized targets would yield results for the
S-wave structure in better agreement with the results
from amplitude analyses in the physical region of t.

V. CONSTITUENT STRUCTURE
OF THE I =00**(750) STATE

In the usual quark model meson resonances are qg
states. The mass of 07 *(750) is too low for it to be a ¢g
state. The mass M of the g7 state increases with its angu-
lar momentum L as M =M (2n +L) where n is the de-
gree of radial excitation. The lowest mass scalar mesons
are P, states with masses expected to be around 1000
MeV or higher. The established scalar mesons seem to
populate this 0 (g7 ) nonet.

It was suggested that 0" *(700) could be a four-quark
qqqq scalar state in the MIT bag model [34]. However,
more detailed studies of gggg systems conclude that pure
multiquark hadrons do not exist [35,36] with 777~ de-
cay [37]. We can also exclude the possibility that
0" *(750) is a hybrid state ggg. The lowest mass hybrid
state must be a0~ " or 1~ " state. Calculations based on
bag models, QCD sum rules, lattice QCD, and a string
model all estimate [38] the masses of 0" *(gqgg) states to
be above 1500 MeV.

Lattice QCD calculations by several groups [39-42]
concluded that the gluonium ground state 0" "(gg) has a
mass near the p° meson: 740+40 MeV. More recent cal-
culations [43] suggest that the mass of 0T+ gluonium is
above 1000 MeV. However, the inclusion of quark
flavors in the calculations could lower the gluonium mass
substantially [44]. Recent work [45] using a version of
QCD with two colors and four light flavors finds that the
0" *(gg) gluonium mass is 850 MeV. This is a mass re-
gion of great phenomenological interest as it is accessible
by amplitude analyses of #N — "7~ N reactions on po-
larized targets.

On the basis of the above discussion we propose to
identify the 7=0 0" *(750) meson with the 0% *(gg)
gluonium ground state. The 100-250 MeV width of the
0*7(750) state is consistent with glueball phenomenolo-
gy [46].

Since the observed and calculated masses of the
state are so close we also conclude that the 07 *(750)
state has no gg content or only a weak ¢g mixing. Since
gluons do not couple directly to photons we expect
0**(750) not to appear in reaction yy—w 7. This
conclusion is supported by the PLUTO and DELCO data
[47,48]. However, the more recent DM1/2 data [49,50]
show an excess over the Born term expectation that is at-
tributed to the formation of a broad scalar resonance
0*7(700) with a two-photon width of (10+6) MeV. This
would suggest some gg component in the 0% *(750) state.
The most recent results [51] are on yy —n°n® which
show no evidence for a scalar state near 750 MeV.

o+t
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The reaction pp —ppm 7~ was measured [52] at the
CERN Intersecting Storage Rings (ISR) in a search for
scalar gluonium. The structures at m (717 ~) near 750
MeV reported in the moments H(11) and H(31) are con-
sistent with 07 7(750) and p%770) interference. The ex-
periment does not separate the S- and P-wave amplitudes
and thus it is not conclusive.

The anomalous energy dependence of pp and np elastic
polarizations and the departure from mirror symmetry in
N elastic polarizations at intermediate energies require a
low-lying Regge trajectory [53,54] corresponding to
0% *(750). These anomalous structures in the polariza-
tion data may have been the first evidence for a gluonium
exchange in two-body reactions.

VI. SUMMARY

The measurements of reactions 7 py—m 7' n at 17.2
GeV/c and 77 ny—7 7 p at 5.98 and 11.85 GeV/c on
polarized targets enable a model-independent amplitude
analysis for dimeson masses below 1000 MeV where S-
wave and P-wave contributions dominate the pion pro-
duction process. We studied the dependence on the di-
pion mass of moduli squared of S- and P-wave unnormal-
ized nucleon transversity amplitudes and cosines of cer-

tain relative phases at small momentum transfer
—t=0.005-0.2 (GeV/c)* in the reaction = p;
—7 7'n and at a larger momentum transfer

—t=0.2-0.4 (GeV/c)? in the reaction 7 ny—m* 7 p.
The amplitude analysis yields two similar solutions for
the moduli and cosines, and partial-wave intensities with
a fourfold ambiguity.

The principal finding claimed in this report is
solution-independent evidence for a new scalar state =0
01t *(750). At both momentum transfers, both solutions
yield small and nearly constant relative phases between
the S-wave amplitudes S and S and the dominant resonat-
ing amplitudes L and L. This suggestion of resonant S-
wave behavior is confirmed by the behavior of the S-wave
partial-wave intensities Rg normalized to 1 at their max-
imum values. For all four solutions, the normalized in-
tensities Rg show resonant structures at masses 730 or
750 MeV. The width of this resonant structure depends

somewhat on the solution and varies within a range of
100-250 MeV. Only the width of the solution Rg(2,2) at
lower momentum transfers may be broader than 150
MeV.

We have proposed to identify this new scalar state with
the lowest mass scalar gluonium 0% *(gg) predicted by
QCD. This proposal is supported by cross-section data
on reactions yy —>7 7~ and yy —7°7°.

The apparent position of the p° resonance in the nor-
malized partial-wave intensity R; corresponding to di-
pion helicity A=0 is 770 and 807 MeV at the small and
larger momentum transfers, respectively. This contrasts
with the lower apparent position of p° resonance in the
intensities R;; and Ry corresponding to dipion helicities
A==%1. At 17.2 GeV/c, the solutions Ry;(2,2) and
R,(2,2) peak at 750 MeV. At 5.98 GeV/c, the intensity
Ry peaks at 750-770 MeV. These results are the first
evidence for the possible dependence of the apparent po-
sition of a resonance on its helicity state. The commonly
assumed degeneracy of resonance mass with respect to its
helicity state appears to be broken in these solutions. If
this effect is confirmed by further experimental studies, it
will have a profound influence on hadron spectroscopy
and on our understanding of what is a hadron resonance.

Experiments with polarized targets have opened a
whole new approach to experimental hadron spectrosco-
py by making accessible the study of hadron production
on the level of production amplitudes. We may expect
that this new field of amplitude spectroscopy will be fur-
ther developed at the new proposed advanced hadron fa-
cilities [S5-66].
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