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Abstract

An extensive amount of data were obtained from measurements of proton-

proton elastic scattering up to 5 GeV/c. We summarize physics, learned from

these data as well as other related experimental results.
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I. I - 1 System

A striking energy dependence has been observed in the difference between

the nucleon-nucleon total cross sections for pure spin states:

AaL - (4*/k) Imf^CO) - 43(0)} « a
ToC(+) - oTot(*) ,

where arrows refer to initial proton spins along the beam direction and, for

instance, e(+) corresponds to O++ referring to initial proton helicities.

Figures 1 and 2 show Ao^ data. '̂  The large energy dependence are seen

not only in ha^, but in A<TT, polarization, Cjjfj » (N,N;0,0), and C L L =

(L,L;O,O). A remarkable energy dependence has also been observed in the

results of AcT measurements up to 6.0 GeV/c. To study the behavior in terms

of the partial scattering amplitudes, the data on (k /4TT) ACTT are plotted as

shown in Fig. 3 as a function of pia]j-

A summary of structure in nucleon-nucleon system is given in Reference 4,

and here we update the current understanding.

/ 1
b J -io j— t; / J
< L <"• ;

Fig. 1 Total Cross-Section Difference AaL - <J
Tot (j) - a T o t(*).

The white squares are preliminary data.
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Various .mnlysiiS have been carried out using ^ritaencly .-iv;»J lable d.it.-<,

and Host analyses are consistent with th<> nulstence of -1inuc!<?on resonance-; .

Particularly strong indication of resonancer. in the •!-, nn<! F-j states .ire

established^" as shown t;i Fi|?s. i and 5.
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Argand diagrams of the D? (a) and r-j (b) partial waves (points are
in GeV/c); the background contributions have been subtracted.
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Fig. 5 Argand diagrams of the D2 (a) and Fj (b) partial waves based on

Arndt's phase shifts (points are in kinetic energy, MeV). The
ellipses represent the errors in the real and imaginary parts of the
amplitudes for energy-independent solutions. The continuous curves
represent the energy-dependent solutions.

Other possible resonances in the pp system include a singlet resonance in

iaT at 2 GeV/c, and a triplet resonance appearing in (k
2/4ir) (ioT - AaL) plot
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ag'ilnst /~s a« shown In Fl#. 6. Ve expect that the triplet peak at 2.0 OeV/

is due to a resonating partial wave tjj, since only RJJ tern has positive *

In i*j. - ioL • (2J + ')InRjj - (J +- 2)I;,Rj+l j - (J - UI/j-i j-
 T h i 3 Pos"

slble resonance raay explain the 3kewed burap In 3 (*) curve shown In Fig. 7.
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Fig. 7 Decomposition of <j^ot($); assune 1.5-GeV/c peak as shown on
dotted curve and subtract that from o'rot:(+)yielding a 2.0-GeV/c peak.

the

It has been pointed out that ambiguities exist In the pp phase-shift

analyses above 500 MeV particularly in p partial waves, although other partial

waves were relatively well settled. We note that there is no F3 partial-

wave contribution to the polarization da\;a at 9CiBi " 63°. We see an

interesting structure in a plot of k2P(da/dft)/sin 29 c > m > vs. p l a b as shown in

Fig. 8. This quantity is proportional to
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if higher waves are neglected.
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Recently we have Investigated this energy region by measuring C L L -

(L,L;O,O) around 9c-|n> - 90°.
8 Figure 9 shows a plot of '<2(CNN - C L L

which contains only coupled spin triplet partial waves with J » L±l (such as

l p 0 ' lp3> 3?2'
a t 9c * 90°> a«atnst the incident momenta. The

dashed curve shows a rapid energy dependence in (1 - Cyjjj), and the peak

position roughly coincides with the D2 resonance. This leads us to note that

the structure in the (CN«j - CL1^) curve is therefore also resonant-like.

Probably 3 P 0 or

7ig. 9 Experimental value
of k̂  (CJJN - CL L)
da/dI2 against the
incident kinetic
energy; the dotted
curve is drawn to
guide the eye.
The dashed curve
represents a fit
by eye to the exper-
imental values of
k2d -

partial waves is responsible for the structure.

T
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It Is our hope Chat ambiguities in the phase-shift analyses will be soon

resolved when the results of CTJ and Cg^ measurements covering forward angles

at 1.18, 1.32, 1.47, 1.71, 2.00, 2.22, and 2.47 GeV/c performed at the ZGS,

and Cgg measurements at LAMPF are analyzed.

Do we observe any structure above a mass of 2500 MeV? Measurements of

Ao^ and iOj. are yet to be made at small-moraentum intervals. However, we have

measured the parameter Cj_L » (L,L;0,0) in the region p l a b = 2.5 to 5.0 GeV/c

as shown in

Fig. 10. We observe a remarkable energy dependence in Cj^ » (N,N;0,0) data at

all angles9 and also at 8 c > m > - 90°.
1 0 Our recent data on C ^ - (L,L;0,0)

reveals an interesting structure. Figure 11 shows the energy dependence of

Cj L at 9C m » 90°. We attempt to interpret these structures assuming them as

resonances in the term of the quantum number. We note that k C^^(do/dB) - -

Ispin-singlet terrasi ~ Icoupled tripletl + luncoupled and couplet

tripletl~. We observe no structure in the behavior of k^(CNjj - Cy^) da/dil,

which contains only couplet triplet terms, against the incident momentum in

the region of 3.0 to 4.0 GeV/c as shown in Fig. 12. Therefore the second dip

seems due to a spin-singlet term: in a similar way, the first dip is

considered as a spin-singlet, namely G4. . The contribution of spin-singlet

partial waves to k ^ dcr/dfl is written as follows:

k2 CLL(dc/dn)spln_singlet = -\\ + 5P2(cos 9)
1D2 + 9P4(cos

13P,(cos9)1l, + . . . [ 2 ,
o o

where Pn(cos9) is the Legendre polynomial of degree n.
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It is possible to consider the second dip (mass - 2900 ± 100 MeV) as I 6 state

because the dip around 3Cm.
90° disappears at 9 * 75° where

P6(cos 6) - 0.

r 3.4 6 G«V/c

o
c[
-i

CM. SCATTERING ANGLE

Fig. 10 (L,L;0,0) data up to 5.00 GeV/c.

The rapid energy dependence around 2.75 GeV/c as shown in Fig. 11 coin-

cides with a similar behavior observed earlier in CJJJJ data, > 4 and also

coincides with a hint of a bump around 2.75 GeV/c in AaL preliminary data.""

The structure also occurs in k2(l + C^) da/dS vs. the incident momenta, which

contains only the triplet waves, but is absent on the curve of k (C N N - CLL) da/d.Q

vs. the incident momenta, which contains only the coupled triplet. If the
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above structure Is due to a resonance, the mass would be ~ 2700 ± 100 MeV and

due to an Rj j state.
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Fig. 12 Energy dependence of ~J 0 J _

up to 4 GeV/c
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Measurements were performed at the Argonne ZGS of the difference between

lsoscalar nucleon-nucleon total cross sections for pure longitudinal initial

spin states, Ao^(pd), using a polarized proton beam and a polarized deuteron

target. " One can extract Ao^ (I « 0) data using both da^(pd) and Ao^(pp) as

shown in Fig. 13. A significant structure is observed around 1.5 GeV/c.
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Fig. 13
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A recent phase-shift analysis using these data by a Kyoto group

suggests that there exists a partial wave whose behavior is consistent with

the Breit-Wigner resonance formula, namely, the spin singlet F3 wave. From

the dispersion analysis of a forward I - 0 scattering amplitude using- the data

on AaL (X ~ 0). Grein and Kroll
18 showed that the Argand plot of the amplitude

has a resonance-like behavior around 1.5 GeV/c, and that suggests the

existence of a spin-singlet dibaryon resonance.

The Aov (I * 0) data around 1.2 GeV/c have only a few points with large

errors. There is a hint of structure around 1.2 GeV/c revealed in the 1 * 0

total cross section data^*^0' as shown in Fig. 14.-1



-11-

?ig. 14

1 - 0 total cross section.
The dotted line Is to guide
the eye for an assumed
background.

300

III. Conclusion on I « 0 and I » 1 Resonances

Candidates for dibaryon resonances that can couple to nucleon-nucleon

systems are summarized In Table I.

IV. Structure Appearing in Other Channels

Many authors have attempted to interprete the results using not only

elastic-scattering results, but other channels such as fD elastic scattering,

pp + ITD, YD reactions etc.

i) Possible Nucleon Resonance in yd Scattering Experiment

Kamae et al. suggested the possible existence of a dinucleon resonance

by measuring the proton polarization in the reaction yd * p n. They observed



Ta_bl_e_J_

Candidates of the Dinucleon Resonances

(J) 1 = 1 ls2S£i!Lj£l£f.

5^(2 .14) Bj2(2.18) Bj2(2.22) 8^ (2 .43) B,2<2.43) B,2(2.7O) fl]
2(2.9O)

M a s s , CeV 2 . 1 4 - 2 . 1 7 2 . 1 8 - 2 . 2 0 2 . 2 0 - 2 . 2 5 2 . A 3 - 2 . 5 0 2 . 4 3 - 2 . 5 0 2 . 7 0 i 0 . 1 0 2 . 9 0 Jt 0 . 1 0

W i d t h , MeV 5 0 - 1 0 0 1 0 0 - 2 0 0 1 0 0 - 2 0 0 ~ 150 ~ 150

(Juanlum S t a t e ' n 2 T r i p l e t P K3 P r o b a b l y ' c ^ T r i p l e t R j j T r i p l e t K , j 1 ' r o b . i b l y ' l f i

( " ^ L=-°-laospln State

B0
2(2.22) BQ

2(2.43)

M;iss, CeV 2.20 - 2 .26 2.40 - 2.50

Width, MoV 100-200

Quantum Stat«; ^ 3 T r i p l e t

N i i t e : Kuwor c a n d l i l i i t o s in 1 = 0 c o m p a r e d t o I = 1 a r e m e r e l y dm* t o t h e l a c k o f c x p e r i m c n t . i l d i t . i ;
mudi e x p e r i m e n t a l . i t t e m p t s w i l l be made t o e x p l o r e 1 = 0 s t a t e .
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an energy dependence tn the polarization. They interpreted some of the data

as an indication of the existence of the deeply bound A-A state. Their esti-

mates of mass and width of the possible resonance was 2380 and 200 MeV respec-

tively. From the angular dependence of their polarization data, they

estimated spin parity and isospin as (JP,I) * (3+,0). They obtained reason-

able fits to the polarization data by introducing their dibaryon resonance

with mass around 2380 MeV in addition to the F3 dinucleon resonance with mass

around 2260 MeV described in the body of this paper. Without the F3 reso-

nance, they could not obtain good fits by using only the resonance of 2380

MeV. This fact also supports the ^ 3 diproton-resonance picture.

A similar attempt was made at Kharkov and the results were discussed by

P. V. Sorokin in this symposium.

ii) Other References on Dibaryons or Nucleon-Nucleon Scattering

Other authors have suggested the possibility of the existence of diproton

resonances. R. Kammerud et al. analyzed the data of large-angle proton-proton

elastic scattering at intermediate momenta, and they speculated the existence

of dibaryon masses at about 2.2, 2.6,. 3.4 and 3.9 GeV by observing slope

changes *n doVdt. A similar conclusion was also drawn earlier by L. M.

Libby and E. Predazzi.24

K. Kanai et al. and K. Kubodera et al. show that there are effects of

dinucleon resonances in ird elastic scattering. The effects are clearly seen

in the angular region of 9c>m. > 100°. H. Karao and W. Watari found effects of

27
dinucleon resonances in the polarization data in pp + ird reaction.

R. Frascaria et al. observed dinucleon-resonance signals in the ff d excitation

function of 180°.28
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T. Ueda et al. discussed the existence of dinucleon resonances in ITNN and

dynamics. S. Furuichi et al. investigated channel coupling effects in

relation to the exotic resonances. °

Many attempts have been made to explain the nucleon-nucleon structure as

threshold effects or something equivalent, using exchange models such as the

Deck model,31 the OPE three-body theory,32 the OBE inelastic-threshold

model, and recently coupled channels method. However, most of these

attempts do not seem successful. We remark that there is a report35 that the

Do diproton amplitude satisfies all standard resonance criteria, and has no

pole corresponding to a diproton resonance.

V. Quark Models and Oinucleons

The dinucleon resonance opens a new era in the nucleon-nucleon system and

is crucially important for further development of the quark models that

require six quarks in a bagJD , depictM in Fig. 15; e.g. Mulders et alJ

predicted rich resonance structure in NN channel above mass of 2180 MeV.

The string model and the spring model suggest dibaryon resonances,

which are made of six quarks combined together with strings or springs, such

as shown in Fig. 16.

Apart from the bag model and the string model, a SO^ symmetry has been

proposed for the classitication of dinucleons and baryoniums.1*1

Recently a way of implementing the dual-topological unitarization program

hasbeen found in which baryons and other multiquark hadrons are put on the

sphere and appear at the same topological-complexity level as ordinary qq
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