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ABSTRACT

We have performed a partial wave amplitude analysis of the angular
distributions {n the reaction pp =+ #°n° at 25 energles. The range of
center of mass energles covered is from 2.12 to 2.43 GeV and includes the
so-called T- and U-meson regions. We find a rcsonance in the JPCIC b
2++0+ state in the vicinity of the T (2.15 GeV) and our data are consls-‘.N
tent with an additional resonance of 4*o* at the u (2.35 GeV). An iso~
spin decomposition utilizing these data in conjunction with those from

- + -
Pp * 7 7 reveals pogsible difficulties in intcrpretation.

x k

We present here the final data sample in an experiment to measure
the angular distributions in the recactions pp + w°r° and pp - n°n° in
the center of mass {nterval 2,12 to 2.43 GeV/cz.

The experiment was performed at the A.C.S. of Brookhaven National
Laboratory using an clectrostatically separated beam and counter-spark
phamber detection techniques. The experimental apparatus, the method
of extracting the parent n° and n° angular distributions from the ob-
served distributions of daughter gamma rays, and some preliminary(g;ta

have been prescented at previous mectings of this symposium series

and elsewhere.(Z) This final data sample 13 consistent with the pre-

liminary data set but significantly increases the statistics and in-
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cludes several more energles for a total of 25 distributions for each
rcaction, thus making a more complete analysis possible. Fipure 1A {1-
lustrates the angular distributions for pp + »°n* and Fig. 1B for pp +
7°n°. The dashed ltne glves the best estimate of the distribution and
the solid curves the allowable range. The data are presented in this
way rather than as histograms because, as 1s discussed in Refs. (1)

and (2), the ©° and n° directions are inferred by fitting the distribu-
tion derived from their daughter gamma rays directly for the coeffict-
ents of a Legendre polynomial expansion of the parent distribution. By
this technique we automatically correct for apparatus dependent effects
such as gamma ray conversion efficiency and resolution. Several inter-
nal consistency checks were made on the method. One such check involv-
ed separately fitting to the decldeﬁly different three and four gamma
topology data to see if they reconstructed to the same parent angular
distribution. The agreement is very good as can be seen for a sample
energy in Fig. 2.

In our fits to the data a Legendre expansion up to 98 was necessary
and sufficient to give good fits to the pp + v°n° differential cross
sections over the entire energy range. The chi-squared per deg}ee of
freedom ranged from 0.2 to 2.4, For the reaction pp + #°n°®, expansions
only up to PA were required (0.2 < x2/DF < 1.8). Because of the sym-
metries involved in the two reactions only the even Legendre polynom-
ials are present and thus the angular distributions can be folded about

cog® = 0. The resulting Legendre coefficients defined by

do fmax
& " . ] AP, (cost) (1)
(even)

are shown in Fig. 3A and Fig. 3B. The reaction cross sections are shown
in Figs. 4A and 4B.

The x°n® data has several striking features and we concentrate on
that reaction in what follows. The symmetries in this reaction limit

the allowed quantum numbers to ra (even)+, IG -'0+. S;p =1, L;P -
(odd) and baryon number zero.

Although this reaction channel represents only a small portion of
the total ;p cross section, recent developments in both theory and exper-
iment emphasize the importance of exclusive channels with restricted

sets of quantum numbers. Among the recent developments are: (a) the
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interpretation of the T and U structures long present in the total
(&)} PC |G a7 Yy, @ttt

and (S_-,l*) resonances seen in pp -+ ﬂ+ﬂ_,(4) (b) very natrrow baryon-

cross section as beinp built from the J
antibaryon enhancements observed {n production experlmcnts,(S> (¢) the
development of the concept of baryonium.(6) (d) the possibility of nu-
clear bound stn(es.(”
With this i{n mind we have undertaken an energy-dependent partial

wave analysis of #°s°., The model we have used 1s one in which each
partial wave amplitude could be represented as the sum of Brelit-Wigner
resonances and constant background modified by the appropriate barrier
penetration factors. Thus the amplitude for total angular momentum, J,
and LEP 2 L i3 piven by

(lﬂL - aJL(Resonance) + bJL(Background) (2)

2 iB..T .
a, (Resonance) =% T () —3L3 (3)
JL 4 L (E -E*)‘_ 1T
J J
sz
b, (Background) -/—Z— T.(x) [uJL + iBJL] . (4)

It should be noted that only triplet pp (S‘_)p = 1) spin 1s allowed :nd
that J {s constrained to be J = L ¢t 1, 1In Eqs. (3) and (4), x = ;zﬁ
where the interaction rad{us R is taken as 1.4 fermi and TL(x) are the

where

usual barrier penetration factors. BJL is YJLYnn/r 3 where YJL is
the reduced partial width for the entering channel and Yon that for the
decay-channel--BJL is the quantity determined. FJ is the full width.

The background parameters, a_ . and BJL' are constants. In terms of

JL
these quantities the differential cross sections can be rewritten as

do n* * o no
& .-.J,ZJK(GQJ"J,_I SR AR T A %

J41

0 * * e 1 pl
.3 (REQg . - ',?O‘J’,J#l)( il + A OZV,J+1”PJ’PJ
Jid I (EFD ) G+

and thus the AL'S of Eq. (1) can be directly related to the ClﬂL's via

(5)

the reduction formula for Legendre polynomials.

We use as input to our fitting program the Legendre coefficients
of Fig., 3A. Since J must be even and lmax = 8 we allowed for the pos-
sibility of resonant states in J = 0,2,4 fed from all possible L‘-:.p

. -
1}
. ¢
values. This model then yields 28 possible parameters to be fitted to :fh
a total of 125 data points. Because of the inherent ambigufties of a 85
global fit to the most general version of the model such an approach
will not lead simply or directly to a unique solution. Consequently,
we have adopted a more plecewise approach based upon the more striking
features of the data (e.g., the large negative excursion in A6 center-
ed at 2.18 GeV) and the inclusion of resonances to be expected from

other data already in thelli:erature.(4’9)

While this procedure 1is not
exhaustive it does produce a minimal set of solutions and eliminates
several possibilicies.

Six classes of fits were obtained which described the data and are
sqmmurized in Table 1. The results of Fit {3 are typical and appear as
solid curves in Fig. 3A. A general feature of the first five of these
fits is the presence of a strong JPIG - 2+0+ resonance. The first four
fits are similar in that they all have about the same value for the mass
and width of this state (M = 2,15 GeV}cz, I = 0.25 GeV). The fifth fit
is significantly different in that M = 2,05 GeV/cz. The sixth fit 1s
the best result obtained without including a J = 2 resonance.

Fits 03, f4 and #5 contain as one common feature the inclusion of
a JP - 4+ at a mass whose central value 13 just below our energy range.
It is the h-meson(g) and its position and total width were fixed and
only its partial widths varied. Although the h-meson's coupling to PP
is unknown, its quantum numbers and large branching into n°n® make 1t a-
logical candidate for inclusion {n the class of fits attempted. Fit #5
had {n addition a fixed mass and width J = 2 resonance at 2.05 CeV/c2
and 0.20 GeV, respectively. All of these fits contained JL = OP, 2p,
2F, 4F, and 4H background terms.

In our cholce of starting values for each fit we were guided by
grid searches in parameter space which identified important partial
waves. The usual case was that a range of starting valués produced the
same fitted result, or, outside that range, no acceptable fit was
achieved. ‘

The best fits all required the inclusion of a 2+ resonance. Our

best attempt at fitting withﬂf 2+ i3 liated as Fit #6 in Table 1, and

1s shown in Fig. 5. The necessity for this state derives from the
strong energy dependencies of Az and A6. To illustrate this, consider

,i
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first the following expansions of AG and A8 in terms of their partial

wave amplitudes.

2 2
Ag = .758]{LF| + .97o|am|

+ 2rel- 2626018 Q- 2.58700* L+ 820 (1" our

- - }
2F 74 4
F 2P 4H 2F H 4F 6“(6)
2 *
Ag = .esslaml + 2Rel- 3.065(L, . () ¢))

*
1f we eliminate the term proportional to Re((l Q,.) between (6)
4F YY4H

and (7) we arrive at the linear combination

.949 2 2
TeaA - [m] Ag = Ag = .310A; = .758] (L, | ° + 2758 QU

+ 2rel- 262600 0, - 2.587(L5, A, + 0.8220.5. () (8

which has as its non-positive definite part only terms involving J =
2,4 interference. Since experimentally A6 is negative (or very small)
over its range and A8 i3 mainly positive we have T quite negative over
the whole range. Such behavior can only arise if there is a large com-
ponent of J = 2, J = 4 {nterference.

If we now turn to A2 wve notice that {t has a rapid variation.with
energy. It 13 the presence of the sign-changlng dip in A2 at /s «

2.25 GeV together with the large negative dip in A6 that requires the
2+ contribution to be strongly energy dependent. The strength of the
J = 4 that can be included {9 bounded in the low energy region by the
smallness of A8 and in the high energy region by Ao; in neither case
are we permitted a very large contribution to the interference from a
high mass resonance in J = 4. This has bearing on the JPIG - 4+0+ re-
sonance deduced in Ref. (4); we discuss this further below.

While we cannot distinguish between Fits 1 and #5 on the basis of
xz we can argue preferences on the basis of comparison with data from
the related reaction, pp + ﬂ+ﬂ-.(‘) The energy range of Ref. (4) 13
somewhat larger than ours, extending slightly beyond our range at both
ends.

The n'n final state i{s comprised.of both I = 0 and I = 1 contri-
butions. For the 1so-spin cross sections we have

g(I = 0) = 3g(n°n°)
o(l = 1) = a(atn) - 20(rx*r")

while the differential cross sections [1if H(i*v-) EM(L=0)+MIe=1)
and M(r°x°) = M(I = 0)) are given by

do(n*=®) - 2 0
& (9) Iuol : ) AP, (0) (10)
feven

+ -
do(r » ) - 2 2 :
T (9) |u°| + |x1| + 2Re MM,

- DA+ ] oA+ [ A% (o) an
Leven Lteven Ltodd

where Ai denotes the various isospin con:ribuéions to the lth partial
wave. Hence subtraction of the angular distributions for the two reac-
tions illustrates that the Ag and A: coefficients can be directly ex-
tracted from the data without appeal to any fitted models.

dagﬁ+u_! _ do(n*w®) I alp ©+ ] 201, ® an

da @ feven te Lodd tor

We have performed this subtraction using the even coefficients and the
I =0and 1= 1 coefficients are given respectively in Figs. 3A and 6.
Since the energies at which Ref. (4) data points were taken are not ex-
actly the same as ours we have interpolated their coefficients. The
cross sections for (I = 0) and (I = 1) are given by the points in Figs.
7A and 7B. It 1s important to note that our experiment neasured I = O
only and that the separation indicated by the points is model independ-
ent. In an analysis solely internal to the l+'- data, the authors of
Ref. (4) have found the contributions from the various partial waves
in both I = 0 and I = 1 (see Fig. 8). Using these fits(lo) we have gen-
erated what their analysis would give for o(I = 0) and o(1 = 1); these
are plotted as solid curves {in Figs. 7A and 7B. There are clear in-
consistencies. 1In particular: (a) For I = 0, our data have a larger
contribution in the vicinity of 2150 MeV and a smaller one near 2320
MeV than does Ref. (4), while (b) for the I = 1 the reverse is true.
It i3 interesting to note that the locations of the resonances found
by the authors of Ref. (4) are J'1°0uass) = 371% (21500, 4*o* (2310),
5-1+ (2480). Table 2 contains these parameters from Ref. (4).

The solutions of Ref. (4) can also be used to generate predicted
angular distributions for ¥*s® {a our energy region. The authors of
Ref, (4) have kindly provided us with such distributions. Figure 9

{llustrates a comparison with their predictions and our measurements



at several energles. Tﬂe disagreement consists chiefly of a failure to
predict a atrong forward dip {n the energy range 2.1-2.3 GeV. The pre-
sence of this strong forward dip can be traced directly to the J = 2,4
interference and its absénce in the predicted distribution is no doubt
due to the lack of a strong J = 2 wave.

How do our resonance fits impinge on these discrepancies and can a
combination of the two independent analyses be used to favor any of the
fits? '

(a) Fits #4 and §5: If we use our Fit #5 (or #4) to extend into
the lower end of the Ref. (4) energy range (see Fig. 10) we
find that I = 0 accounts for virtually all of the ﬂ+ﬂ- cross,
section below about 2.1 GeV. This is clearly unacceptable %
there 1s any significant J = 3 in I = 1. It gshould be note
that (I = 1)/o(I = 0) ¥ 3 elsewhere. Since the evidence
for J = 3 seems quite strong we consider Fit #5 (and f4)

. as unlikely. ’ ]

(b) Files #1 and £2 (see Fig. 11): These two fits test the need for
aJ = 4 (M= 2330) resonance: We can obtain a fit without
this resonance (i.e., Fit #2), but 4if we include it the result-
ing parameters for the resonance are in agreement with Ref.
(4). Yote that we require smaller reduced partial widths and
the data does not permit _its production at a level large
enough (by ;bouc a factor 4) to account for the A6 structure
by a J = 4 (M= 2330) resonance interfering with a J = 2 back-
ground.

(¢) Fit 73 (see Fig. 3A): This fit differs principally from #1
and £2 in its inclusion of the h-meson. As such it provides an
estimate of the upper limit to the coupling the h-meson can
have to pp. Note that all three fits give the gsame J = 2 pnd
J = 4 parameters.

We draw the following conclusions from this comparison:

(1) Our data requires a JPIG - 2+0+; the parameters of the prefer-
red solution are M = 2,150 GeV/cz, ' = 0.25 GeV. This new re-
sonance can be interpreted as the I = 0 contribution to the T
region making an isospin doublet of the T as is known to be
the case for the S and U.

. ‘ ‘

(2) A resonance in JPIC(M,F) - 4+0+(2330,0.3) is consistent with e
but not required by our data. . 3

(3) It seems likely that an analysis of the combined 7°r° and

n+n- data will resolve the discrepancy in the I = 0, I = 1 se-
- paration and probably produce the same set of resonances in

J = 2,3,4, and 5 but with different strengths than we now

understand them to have. At least one such analysis is under-

way(ll) and hopefully before the next of these Symposia we will
know the result.

As to interpretation of these results in terms of different mod-
ela(G) we are not prepared to draw a definite conclusion. We would
note, however, that their rather broad widths do not exclude an inter-
M on the other hand the new JPIC - 2+0+

resonance when placed on a Chew-Frautschi plot falls near the MJ and

pretation as nuclear states;
2
Mg trajectories of Rossi and Veneziano (see Fig. 13).
Finally a comment on the pp + n°n°® data. The lower level of act-
ivity in these coefficients does not warrant an equivalent analysis at
the present time. The most exceptional characteristic of this data is
the large and constant AA/A over the entire energy range. This might
pee & eI 1t ehis

be due to a large J = 2717, as has been pointed out.
1s true it might be related to the broad enhancements into 2n*2n-n°

and KgKtn; centered at v 2000 MeV with width ~ 100 MeV seen in'other pp
experiments.(ls)
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Angular distributions of Fp +~ w°x°,
Angular distributions of pp = n°n°.

Parent 7°n® distributions from 3 and &4 gamma ray topologies
at Py,p = 1.838 GeV/c. Error bars are shown at points of
worst agreement. The histogram is the observed 3 and & gamma
data sample.

Legendre coefficients Ay for #°z® (solid curve is for Fit
23).

Legendre coefficients for z°n°®,

Cross secgion for n°x°®,

Cross section for »°n°®,

Fit #6 extended to include energy reglon of Ref. (4) (data
points are the same as Fig. 3A).

Legendre coefficients for 1 = 1+.

Cross section in I = 0. Points are those of this experi-
nent; curve is from Ref. (4) analysis.

Cross section in I = 1. Points are those found in subtrac-
tion of n°5* and x*v~ data; curve is from Ref. (4) analysis.
(Note different scale.)

N

Partial wave contributions to wte” as determined in Ref. (4).

Comparison of gselected 7°n® distributions. Solid curves are
from this experiment, dashed ones are deduced from Ref, (4).

Extended fits for Fit #5. Points are same as Fig. 3A.
Extended fits for Fit #2. Points are same as Fig. 3A.

Partial wave contributions to #°r® from this analysis (Fit
£).

Partial wave contributions to »°#* from this analysis (Fit
23).

Chew-Frautschi plot. Crosses are for J = 2 and J = & of
this analysis. Hi trajectories are from Rossi and Vineziano
(Ref, 6).
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