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3/2 nN RESONANCES IN lllE 1900 MeV REGION* 

R. E. Cutkosky and R. E. Hendrick 
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

and 
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Abstract 

Using the available world data for nN scattering, we have per-

formed a partial wave analysis for center of mass energies between 

1550 and 2150 MeV. We report here results for I ~ 3/2 resonances 

observed in the 1900 MeV region: F35 (1885), F37 (1945), P31 (1940), 

and D35 (1925). The presence of the n35 (1925) is difficult to 

accommodate in conventional baryon models. We describe tests per-

formed to insure that the data require a o35 (1925), and briefly dis­

cuss alternative models accommodating such a state. 

*supported by U. S. Energy Research & Development Administration. 
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The structure of baryons has been studied with increasing interest 

in recent years. The SU(6) x 0(3) harmonic oscillator model proposed by 
1 2 3 

Greenberg, and its relativistic and diquark variations, have had nota-

ble success in reproducing the observed baryon mass spectrum. More re-
4 5 

cent developments such as the "dual string" and ''bag" models of bary-

ons have again focused attention on the spectrum of baryon resonances. 

The primary source of information to test such models comes from 

partial wave analyses. We report here the first results of a nN partial 

wave analysis between 1550 and 2150 MeV. In particular, we concentrate 

on resonances observed in the I ~ 3/2 channel around 1900 MeV. Clear 

resonant states have been observed in the F35 , F37 , P31 and D35 partial 

waves, and the resonance parameters have been determined. The even pari-

ty states at this mass are easily accommodated by th,e harmonic oscillator 
+ . 6 ' • 

quark models in a [56,2 ] SU(6) x 0(3) supermultiplet. However, the odd 

parity n
35

(1925) is not readily accommodated by conventional SU(6) x 0(3) 

models. We have performed several additional tests which support the 

o
35

(I925), and present a baryon model which provides a o35 resonance at 

this energy. 

Amalgamated wp elastic and charge-exchange scattering data at 26 

momenta in the range 0.8 s plab ~ 2.0 GeV/c were partial wave ana-

lyzed by a combination of the accelerated convergence expansion (ACE) 

technique for energy-independent fitting and a hyperbolic dispersion re-

lation technique for the resolution of ambiguities and the imposition of 

s-channel analyticity constraints. Amalgamated data at each energy were 

made by fitting a surface to the world data in a -150 MeV/c wide momen-

tum range, interpolating the data in the central part of the range 
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(-SO ~leV/c wide) into fixed angular positions (with 3° spacing) at the 

central momentum, and then combining the data statistically while allow-

ing for normalization errors, momentum calibration errors,discrepancies 

between experiments, correlated interpolation errors, and various other 
7 

systematic effects. We made single energy fits to these data using a 

parametrization in which each invariant amplitude is represented as a 

sum of a fixed "Born term" containing explicit contributions from nearby 

singularities and a fitted polynomial term constructed according to the 
8 

ACE prescription. The Born term contains contributions from Pomeron and 
9 

peripheral di-pion exchange, and also from Reggeiored p, f, N and 6 ex-

change. The parametrization (similar to that described in Ref. 1m is ana-

lytic in the full physical sht>et of the cos9-plane, with asymptotic power 

behavior (cose)a(s), for large lcosej, and has no sharp cut-off in angular 

momentum. A smooth truncation of the fitted polynomial was accomplished 

by minimizing the quantity x2 
= x2 

+ t, where t is a convergence test 

function of the type used in Ref. 10. The actual search parameters were 

the values of the lower partial waves, with the higher waves being ob-

tained by the ACE method of analytic extrapolation. The effective number 

of parameters used varied from about 30 at the lowest energies to about 

SO at the highest. At each energy S0-100 searches for local minima were 

made, with randomly generated starting points spread over large areas of 

the Argand diagrams, using a modified version of the CEim minimizer 
11 2 

mGRAD. The best-fit values of x per degree of freedom at each energy 

were typically between 1.0 and 1.3, and. in the worst case (1590 MeV/c) 

were as large as 1.6. Groups of local minima which were statistically in-

distin~ishab1e were combined into clusters by a technique of weiwtted 

4 

averaging. A covariance matrix for each cluster was formed by adding 

the intra-cluster dispersion to a weighted average of the ~IJGRAD co-

variance estimates. To allow for possible systematic biases these were 

formed assuming that a x2-deviation of t:.x
2 

= S corresponded to a single 

standard deviation, rather than the usual t:.x
2 1. The number of clus-

ters at each momentum varied from about 3 to 15 depending on the com-

pleteness of the available data. 

In order to resolve the ambiguities we reconstructed the invariant 

amplitudes along 4 hyperbolic curves in the physical region of the s-t 

plane and fit the reconstructed amplitudes with a parametrization based 
12 

on hyperbolic dispersion relations (IIDR). We supplemented our partial 
13 14 

wave results with the results of Carteret al. and Aye<! et al. at 

higher and lower energies, the higher energy points being given re­

duced weights. Starting from several candidate "paths" we minimized x2 

with respect to all possible combinations of clusters in groups of up to 

five neighboring energies. This procedure selected a unique (though 

sometimes poorly determined) cluster at each energy. To check and fur-

ther stabilize these results, the input amplitudes at each energy in turn 

were deleted and IIDR predictions were generated. These predictions, with 

enlarged errors, were then combined with the scattcri ng data for a second 

round of energy independent fitting in which all the ori ginul local mini-

rna were used as starting points. The clusters resulting from this sE'cond 

fitting arc shown in Fig. 1 for the four I = 3/2 waves which resonate near 

1900 ~reV. The real and imaginary parts of each data point shown in rig. l 

are correlated, and there is also an estimated correlation coefficient of 

about one-third for each pair of adjacent points. 

) 

.. .,: 
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Resonnnces hnve been parametrized usin11 a smoothly varying hackr.round 

term and a modified Breit-WiJIRer resonance term for the parti.tl wave nmpli-

tudes: 

Tl = TR + SB . TR 

TR is the resonance. amplitude 

al •el (s) 
TR so - s - ial+el(s) - 1 1k ak+l +k(s) 

where +el (s) is an elastic phase space factor and +k (s) are inelastic phase 

space factors for the w~rN channel and for quasi -two body channels such as 

nil, pN, nN, wN, and pll. The coefficients a
1

, and s
0

, arc free parameters 

determined in the fitting procedure. The background amplitude is 

T R = (S
8
-I}/2i where s

8 
= 0 _In; 

[I~ 
t 2 2 

{l+b2y 'i+el(bl+yb3J){l ± •el Lk +k [(l-y)b2k+2 + yb2k+3)l 

withy = (IS-O- ls 1-n)/(IS-il + ls
1
-a). The coefficients bi :tr<' free para-

meters, s is the center of m.-tss energy squared, s
1 

is the three body 

threshold energy, (M + 2,, )
2

, and a is a fixed parameter determining the 
1! 

onset of the cut in the left-hand s-plane. The parameters s
0

, ai and hi 

were determined for each part i a I wave resonance by a standard least S'!tL~ res 

fit to the partial wave data. Resonance parameters such as the mass, width, 

elasticity, pole position and residue were determined from a series of best 

fits. Errors on these parameters were estimated by a Monte Carlo procedure 

of varying the partial wave data with correlated Gaussian distributions 

around their C<'ntral values, and by separately varying the background p:tra-

metrizations. The resonance mass is defined here to be the real center of 

6 

mass energy at which the real part of the denominator of TR vanishes. 

The width definition we adopt is, 

r = M 

2 lm llR(E) 

l:n Re llR(E) I 'E 
Mass 

where DR is the denominator of TR' and F. = IS. The elasticity is the 

ratio of the elastic width to the total width, defined in terms of TR 

to be x = [- lm(TR-l))- 1 . The pole position is the complex energy at 

which the denominator of TR vanishes; and the residue of the pole in­

cludes the factor s
8

. 

Figure l shows the fits and parameters for the I = 3/2 resonances 

observed in the 1900 MeV energy region. Two systematic features of these 

resonances are the sizeable difference between the real part of the pole 

position and the resonance mass, and the negative phase' of th~ residues. 

These effects can be largely accounted for by the energy dependence of the 

width, although the backgrounds also contribute negative phases, especially 

for P31 . Another regular feature of the data is the imnr.inary pole posi­

tion being somewhat less than r M/2, probably a result of the local defini­

tion of rM. We also observed that the pole position is generally more 

15 
stable than the mass or width parameters, and that its imaginary part is 

usually closer to the "eyeball" hal £-width than is r ~2. 

Three well established even parity resonances were observed: r
35

(l88!i), 

F37 (19~5}, and r
31

(1940). Previously quoted widths 16 are somewhat smaller 

than those we report, but this discrepancy is probably due to the use of 

different definitions for the width. Conventional Sll(6) x 0(3) models 

place these 3 resonances in a (56,2+) supermultiplet. 
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A significant result of our analysis is the confirmation of a o35 
16 

resonance at 19 25 MeV. Other analyses have also reported a n
35 

resonance ncar 1900 MeV. Because the o
35

(1925) is not consistent with 

conventional SU(6) x 0(3) models (sec discussion below) we have performed 

tests to insure that it is really required by the nN scattering data. 

New single energy fits were made to the amalgamated scattering data at 

three energies in the resonance region, with the u35 constrained to a 

smooth background value and the IIDR constraints omitted. At two of the 

energies, 1804 ~tcV and 1900 MeV, the amplitudes are particularly well de-

termined because charge exchange cross section and polarization data 

exist. Twenty randomly-started searches were made at each energy, in the 

neighborhood of modified partial wave values adjusted through use of the 

partial wave covariance matrix to~· accommodate a non-resonant o
35

. At 

1900 ~tcV the best x2 for a fit to the 226 data was 210, to be compared 

with 176 obtained for the best fit using llllR constraints, and the / for 

103 n+p data increased from 75 to 102. At 1804 ~tcV and 1856 MeV somewhat 

larger increases in x2 were found, with the increase at 1804 distributed 

more evenly among different types of data. In fits with the o
35 

resonance 

removed, there was a tendency for the G39 partial wave to develop anom­

alous ru•ccstor-like behavior. These direct tests confirmed earlier 

studies based on the partial wave covariance matrix, which showed that 

the resonant behavior of the o
35 

was associated with observable quantities 

rather than with unobservable phases. 

Our fits to other partial waves will be described in a more detailed 

publication later, but we mention here rcsul ts which are relevant to the 

SU(6) x 0(3) classification scheme. We see all the nN resonant states 

which are conventionally assigned to the leading trajectory (70,1-) and 

(56,2+) supcrmultiplets and to the (56,0+)• radial excitation supcrmulti-
6 

plct. By supplementing our fits with some higher energy points from 
14 

Aycd, et al., we further identify most of the (70,3) states. Some ad-

ditional states are also seen. We have fits with s31 resonances at 

1635 ~te.V and 2060 ~teV, and P 
33 

resonances at 1690 and 2100 MeV. Neither 

partial wave is easy to fit above 11!50 ~teV and could have additional un-

resolved structure. We reproduce a known o33 resonance at 1690 ~tcV, but 

have no evidence for a second resonance. We would not be able to see a 

u33 resonance in the 1900 ~tcV region if its elasticity were Jess than 

() .1. 

The I = 1/2 partial waves arc more erratic, because the n p clastic 

data are less precise than the n+p data and because there is not much 

charge exchange data. In the o13 partial wave we find a second resonance 

at about 1655 ~teV, a higher resonance at about 2070 MeV, and structure at 

1900 MeV which is consistent with (but does not requi rc) a resonance of 

elasticity = 0.06 at 1900 ~tcV. We find an Sll (1630) and a I'll (lXIO), but 

above about 1800 MeV these two partial waves arc somewhat erratic (and 

statistically highly correlated) so there could be additional resonances 

with elasticities up to about 0.2. In general, odd parity resonances 

with j s 3/2, which could be assigned to a (56,1-) or to a second (70,1 

supcrmultiplet, are not required by our analysis, but arc also not ex-

eluded. 

Since we believe the existence of the o
35

(1925) to be quite certain, 

we have further investigated its phenomenological implications. A u35 

"' 
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resonance can be accommodated by either a (70,3-) or a (56,1-) super­

multiplet. We consider a (70,3-) assignment for the D
35

(1925) unlikely, 

because the mass of the observed state seems to be too low. Assuming a 

unit Regge slope, a recurrence of the s31 (1635) member of the (70,1-) 

would be expected near 2200 MeV; such a mass would be consistent with the 

masses of other states assigned to the (70,3-) provided the symmetry-break­

ing pattern is similar to that in the (70,1-). In fact, our D35 partial 

wave amplitudes, when combined with higher energy values from Ayed, et al., 

are consistent with the existence of a second D35 resonance in the 2200 to 

2400 MeV region. Therefore we consider the D35 (1925) to be a member of a 

new supermultiplet, a (56,1-), which would also contain s11 , D13, s31 , and 

D33 resonances. Our present analysis is consistent with the existence of 

these four resonances, but does not require them. 
1 2 

The familiar 3-quark harmonic oscillator model ' does not predict a 

- 4 
(56,1 ) supermultiplet in the 1900 MeV region. Dual string models, how-

ever, suggest the existence of additional daughter states degenerate with 

those on leading trajectories. To pursue this idea in a phenomenological 

model, we propose a model in which baryons are made up of four massless 

partons, three of which are the usual valence quarks, and the fourth is a 

neutral, colorless, scalar "monad" which represents the energy and momen-

tum carried by gluon fields or non-valence quarks. The leading term in 

the potential energy is proportional to the minimum possible length of 

"colored strings" required to join the partons; at least one string is 

attached to each quark, at least 2 strings are attached to the monad, 

and a vertex with three intersecting strings is allowed. This potential 

energy favors states in which the partons lie along a line. If there is 

10 

a quark at eaeh end of the line, a single string can join all the par-

tons, othen<ise a doubled string is required. 

For configurations in which the partons form two clusters, ~asymp-

totic calculation gives 

~ ~ SKT(L + l/2 + 12 (N + 1/2)] + 0(1/L) 

where L is the orbital angular momentum and N is the number of radial 

nodes. Also, Tis the tension of the strings, and K is their number: K~l 

gives the single-string ·configuration, and K~2 the doubled string con-
3 

figuration. For K~l we have the usual quark-diquark states, (56,L+ ) 1 even 
- + 

or (70,Lodd)l while K~2 leads to (56,L-) 2 supermultiplets. The new sup~r-

multiplet (56,1-) 2 is nearly degenerate with the normal (56,2+) 1. Note al-

+ • + 
so that the radially excited (56,0 ) 1 has a lower energy than the (56,2 ) 1, 

which agrees with the observed masses of the r
11 

and P33 resonances. 

We acknowledge valuable discussions with J. W. Alcock, Y. A. Chao, D. 

P. Hodgkinson, R. G. Lipes and J. C. Sandusky, and also their aid in de-

veloping the computer programs which have been u.~ed in this analysis. 
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Fig. 1. 1=3/2 nN amplitudes which resonate in the 1900 MeV region. Results of energy 
independent fitting are shown as data points;energy dependent partial wave fits 
are shown as curves. The energy dependence of each wave is shown by plotting the real 
and imaginary parts vs. energy in alignment with the Argand plut, and by arrows on 
the Argand plot at multiples of 50 MeV. Values of the resonance parameters defined 
in the text are shown, as well as the pole,position, W, and the pole residue, R. 
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