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Abstract

A striking energy dependence has been observed in the difference '

between the p-p total cross sections for parallel and antiparallel longi-

tudinal spin states, Ao. = a ° (?) - a (5). The structure appears around

plab = 1>5 GeV/c where Aa. = -16.7 mb and is seen in a (̂ ) rather than

c (?). The experiments were performed at Argonne National Laboratory

using a standard transmission technique.

(continued)
*
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From the dispersion analysis of a forward p-p scattering amplitude

using the data on Aa. , Grein and Kroll have shown that the Argand plot

of the amplitude has a clear resonance-like behavior around proton-

incident momentum of 1.5 GeV/c. At the same energy range, the p-p polari-

zation at fixed -t also shows a remarkable energy dependence. In addition,

we have observed a prominent energy dependence for C., = (L,L;O,O), the

spin correlation parameter for elastic pp scattering with beam and target

both longitudinally polarized. The possibility of a resonance was further

pursued by studying Legendre expansion coefficients of p-p differential

cross section and polarization data. The analysis showed a partial wave,
3
F 3 consistent with having a resonant behavior. Based on a phase-shift

analysis, Hoshizaki also showed that Fo seems to resonant. This resonant
p

state would have the quantum number J = 3 , mass ^ 2260 MeV, width ^ 200 MeV

and elasticity 20*30%. This exotic state may be described by the MIT
//

bag model.

We also speculate several more diproton (1=1) and dinucleon (1=0)

resonances in the mass region 2100 to 2800 MeV.

Introduction

We would like to start out by discussing the proton-proton total

cross-section data at the intermediate-energy region. As shown in Fig. 1,

up to 1.2-GeV/c incident proton momentum, the total cross section-, which

mainly consists of the elastic process, falls and then rises due to the

inelastic-channel opening. The cross section flattens above 1.5 GeV/c.

We observe no structures that may suggest the possible existence of a resonance.
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Fig. 1 pp Total Cross Section

However, we have observed totally unexpected structures in the

total cross saction when both the incident protons and target protons

were longitudinally polarized. The most remarkable structure appears

around p1 . £ 1 . 2 and 1.5 GeV/c.

We mainly discuss the existence of at least one diproton resonance

and its properties, and speculate three more such candidates. Such a

resonance opens a new era in the nucleon-nucleon system and also is

crucially important for further development of the quark models that

require six quarks in a bag.

First, we describe experimental observables in terms of the helicity

amplitudes, and then in terms of singlet and triplet partial-wave amplitudes.

There are three s-channel helicity amplitudes at e = 0:
\r • 111 •



, and

These amplitudes are related to total cross section as follows:

i) Spin averaged total cross section

0 T o t = (2Vk)lm{^(0) + ̂ (0)} = (l/2){aTot(j) + aTot(J)} (1)

ii) Difference between total cross sections for parallel and

antiparallel spin states (longitudinal)

AaL = (Wk)Im{^(0) - <^(0)} = {a
l0t(t) - aT0t(-t)} (2)

iii) Difference between total cross sections for parallel and

antiparallel spin states (transverse)

t f ) (3)

Argonne ZGS facilities provide various spin directions of incident

beam and target. Spin directions are illustrated below.
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N: NORMAL TO THE SCATTERING PLANE

L : LONGITUDINAL DIRECTION

S = N x L IN THE SCATTERING PLANE



To express observables in elastic scattering, we adopt the notation

(Beam, Target; Scattered, Recoil); (0,N;0,0) for polarization, (N,N;O,O)

and (L,L;O,O) for spin correlation parameters, etc. A typical experi-

mental setup for ACT. is shown in Fig. 2 (a). The measurements were

done in standard transmission experiment.
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Fig. 2 (a) Beam Line for the Aa. measurement (b) Experi-

mental Setup for the C,L = (L,L;O,O) Measurement



and Aoy Measurements

We show the results of A0. measurements from 1.0 to 6.0 GeV/c

(Fig. 3a). " There is a sharp peak near 1.2 GeV/c and a dip near 1.5 GeV/c.

From Eq. 2, a structure in <j>-,(0) and $3(0) should appear as a peak and dip,

respectively, in Aa,_. Figure 3b shows oTot(J) and oTot(J) as obtained

from Eqs. 1 and 2. There is a clear bump in a ($). We observe the

third structure in a ot(t) near 2.0 GeV/c although that is not as remarkable

as the one appearing in A<JT which will be discussed later.
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In Fig. 4, results of several Aa. measurements up to 12 GeV/c are

shown. Note that Aa, £ - 500 \ib at 12 GeV/c. (Several momentum points

between 3 and 6 GeV/c have been measured, but they are not shown in the

Figure).
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Fig. 4 Total Cross Section Difference, AoL, Up to 12 GeV/c

To study the behavior in terms of the partial scattering amplitudes,

the data on (k /4ir)AaT are plotted in Fig. 5 as a function of the
Q

center-of-mass energy, where k is the c m . momentum. If the dip in

Aa. is considered to be due to a resonance, the mass is about 2260 MeV

with a width of about 200 MeV. The 1.2-GeV/c peak is seen in AaL and

possibly in AaT data. The 2.0-GeV/c peak is clearly visible in Aa-p
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Using the data on AaL> Grein and Kroll have calculated the real

part of [(^(0) - a3(0)] by applying dispersion relat ions. In the Argand

plot of the [<j)-|(0) - a3(0)] amplitude, we observe a clear resonance-like

behavior around tha incident proton momentum of 1.5 GeV/c (mass % 2260

MeV) and possibly at 1.2 GeV/c (mass % 2100 MeV) a* shown in Fig. 6.
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When the helicity amplitudes are decomposed into partial waves,
10

(J + l)R
J + l j J

, (4)

Im*2(0) = \ (J + 1)RJ+1>J + JRj_l ,0 + 2 [ J ( J + 1 ^ % R J

and

InvK(O) = \ Zlm{(2J
J

where R, is the spin-singlet partial-wave amplitudes with J = L = even, R,. and

RJ+1 j are spin-triplet waves with J = L = odd and J = L + 1 = even, respectively,

and R is the mixing term. The partial wave characteristics to 4»-|(0) is R, and to

is R.,; the peak in Fig. 3a is due to one of the singlets SQ, D2 and

3'
3 3the dip is due to one of the triplets P-j, F3»... .
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Structure in o , and Polarization

So far, such a behavior is discussed only at |t| = 0, and the

properties of the possible resonance (e.g., spin and parity) are not deter-

mined. One needs to study the angular distributions of the observables

in pp scattering. Let us see if we observe a similar structure in other
Tot ]1'12

channels. Figure 7 shows the elastic total cross section, - , .

There is also a structure in the plot of polarization against incident

momentum at fixed |t|, as shown in Fig. 8. We note that the structure

in polarization has nothing to do with the peak in Aa, at 1.2 GeV/c,

because the polarization does not include singlet terms.
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Legendre Coefficient Analysis

We pursue the possibility of the existence of such a resonance

and investigate the nature of the possible resonance by studying diffeten-

t ial cross-section and polarization data in pp elastic scattering around

1.5 GeV/c. Our interest then is to investigate if an R,, partial wave

has the behavior of a Breit-Wigner formula. The effect of resonances

can be studied through the energy dependence of the Legendre expansion

coefficients obtained from the differential cross-section and polarization

da ta . 1 2 ' 1 3

We describe the results of such an analysis using data at 1.0 -

2.0 GeV/c. The analysis was carried out by looking at the energy

dependence of the coefficients a and b in the expansions:



N

da/dft - JT H a P (coso) and (7)
n=0 n "

N

P da/dfi = tf2 T. b P ( 1 ) (cose) . (8)
n=2 n "

These coefficients are related to various partial waves, and we show only

relevant relations here.

The coefficients a , obtained by fitt ing differential cross-section

data to Eq. 7, mainly tel l us that the highest significant value of J

is four; ag and higher coefficients are nearly zero, and we ignore those

terms with J > 4 and L > 4. Figure 9 shows the coefficients b obtained

by fi t t ing the product of differential cross-section and polarization

data, plotted against incident momentum and energy. All coefficients

up to and including bg have a remarkable energy dependence around p, . %

1.5 GeV/c. We need to know if such a rapid change is due to one or two

resonant partial waves while the other amplitudes vary slowly with energy;

our particular attention is on the R,, partial waves, P-, and F,. We

determine how the behavior compares with the Breit-Wigner formula,

Ares = ( e + 1-) < r e 1 / r ) / ( e 2 + 1}> w h e r e e = 2 ( Eo" E ) / r '

The energy dependence of this formula is illustrated in Fig. 9.
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Fig. 9 Results of Legendre Coefficient Analysis

In general, the coefficient with higher order is easier to inter-

pret because fewer terms are involved. The coefficient b, is related to

the partial-wave amplitude by

b6 = 1.8 (lm
3F3Re

3F4 - Re
3F3Im

3F4) + ..., (10)

where residual terms (...) include neither F3 nor P,. A rise in bg

with respect to energy is consistent with F, following the Breit-Uigner

formula while other amplitudes vary slowly with energy; the value of

the first term in Eq. 10 is the same both before and after resonance,

say at 2110 and 2410 MeV, respectively, and the difference in bg at these

energies is due to the second term, which has -R e A
r e s changing from minus



to plus (Im F. =N) by unitarity). Vie note that P,, another possible

resonance candidate iri^R,,, is absent in bc. Other coefficients are also
JO D

zonsistent with the interpretation^ _ ^

= (L.UO.O) Measurements

Simultaneously with Aa, measurements, we have measured the spin-

spin correlation parameter C..(6 ) = (L,L;O,O) in p-p elastic scattering

for 70° <_ 0 < 110° at p, , = 1.0 to 3.0 GeV/c.14 A typical experimental
L> * IN • laU

setup is shown in Fig. 2(b).

The differential cross section for a particular spin direction

of beam and target, I , is given by

I ± ± ( ec.nJ ' V ^ J [1 + (±PB)(±PT)CLL(6cm.)]' ( 1 1 j

where PR and P are the beam and target polarization respectively, and

+ (-) refers to the spin state parallel (antiparallel) to the L direction

(beam direction); I (e ) is the spin-averaged differentia1 cross

section. The parameter C. ,{e ) is then found to be
LL C•m•

T+)

Figure 10 shows the angular dependence observed for the parameter

C. . at various incident-beam momenta. The errors shown are purely

statistical, which dominate over systematic errors. The values of

C.. are all positive over the range covered, and are consistent with a

symmetry about e = 90° as expected for scattering of identical

particles. Figure 10 also shows the predicted curves from existing

phase-shift solutions.
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F i g . 10 C L L = (L ,L ;O ,O) Data a t 1.0 t o 2 .5 GeV/c

The values of C,, at 8 = 90 are plotted with respect to the

incident momenta as shown in Fig. II. We observe a sharp dip near p1a(j =

1.2 GeV/c, rapid decrease near 1.5 GeV/c, and additional structure near

p, . = 2.0 GeV/c. A way to sludy these structures is to define C L L in

terms of partial wave amplitudes. Using the s-channel helicity amplitudes

<j>,- = <++ [ cf>|+->, we have

i . 1 2 i. 1 2 , I , , 2 , • 12-\
CLL(do/dn) = (13)



where do/da = h J U J 2 + |<i>2|
2 + | * 3 | 2 + |<!>4|

2 +

averaged di f ferent ia l cross section.

i s t h e s p 1 n "

3.0

LAB

Fig. 11 C.. = (L,L;0,0) at e m = 90c

LL. C . m .

The amplitudes <f>, through <j>5 are then expanded in terms of part ial

. . . , appearwave amplitudes. The spin-singlet part ial waves, SQ, D2,

in <j>n and i/~ with opposite signs, and the sp in- t r ip le t part ial waves

3 3with L = J = odd, P,, F3, . . . , appear in <j>3 and <j>4 with opposite signs.

Figure 12a shows the quantity on k C.. (da/dfi) at e = 90°
LL L • ill *

plot-ed with respect to the incident momenta. This quality is dimer.sionless

and allows us to study the contributions of part ial waves more d i rect ly .



T1

r T - : • •

Fig. 12 (a) k C.. (da/da) at e C - m - £ vs. piab. The dashed curve
is only to guide the eye. The solid curve is the
contribution of the ^ F 3 resonance over a smooth background.

(b) k2CLL (do/dn) at e £ 74° vs. P] ..
is only to guide the eye.

The dashed curve

First we examine if the rapid decrease observed in Figs. 11 and 12a

near p, . = 1.5 GeV/c is consistent with the partial wave F3 having a

resonant behavior. Eq. 13 can be expressed in terms of F3 and inter-

fering partial waves as

[k2CLL(da/dfj)]goo = [0.77|
3F3|

2 + a(Re3F3) + b(Im
3F3) + ...]

where (b) is the real (imaginary)part of the sum of ither partial

waves and the values can be estimated from the results of a phase-shift

(14)
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analysis. ' By substituting these values and the F, resonance at

mass = 2260 MeV with a width = 200 MeV and elasticity = 0.2 into Eq. 14,

we find the same amount of rapid decrease as shown in Fig. 12a.

Next, we discuss the structure around p, • = 2 GeV/c in Fig. 12a.

From the resonant-like structure in (k /4TT)AOT as shown in Fig. 5, we
7 8expect it is due to a singlet spin state. ' The contribution of spin

singlet waves to Eq. 13 is

k2CLL(da/dn) = -pSQ + 5 ̂ P ^ c o s e ) + 9 ^ P ^ c o s e ) + ...|2 + ..., (15)

in which the contribution of G. vanished at 6 £ 70°, where P^ = 0.

The structure around 2 GeV/c is absent in Fig. 12(b), where the

values of k C,. da/dfi at 6 = 70° are plotted as a function of beam
LL C • 111 •

momentum. Thus we may conclude that G* wave is responsible for the

structure.

Next, we discuss the sharp dip observed at 1.17 GeV/c as shown

in Figs. 12a and 12b. We consider this due to a spin-singlet wave, be-
7 8

cause structures also appear as a peak both in Aa, and Ac,. ' In parti-

cular, we suspect they are due to the D« wave, because it is the only

wave that couples to the s wave NA state, which is responsible for the

rapid increase of pp total cross section near 1.2 GeV/c. We also point

out that a resonance-like bump v/as observed in the cross-section of
19

pp -> Trd in the same energy range, which is usually interpreted in terms

of the final-state interaction between one of the nucleons and IT, forming

A(1236) in the intermediate state.



The dip structure in Figs. 12a and 12b may come from the resonant-

l i ke behavior of the ]D2 s t a t e . 1 5 ' 1 7 ' 1 8 ' 2 0

We conclude that the measurement of the spin-spin correlation

parameter C,. in pp elastic scattering near 6 = 90° has revealed

LL C .IN •

rich structure in p, , = 1 . 0 - 3.0 GeV/c, which is consistent with the

3 1 1
presence of F,, and possibly G* and D2 resonances.

C,1M = (N,N;O,O) Measurements at 9 = 90°
—ViVi C .Ml •

The measurement of the spin-spin correlation parameter Cm in
pp elastic scattering at 8 = 90 also reveals a strong energy

v* . i n •

dependence. A plot of k C..,,(da/dfi) in the momentum region 1 to 6 GeV/c

21 22is shown in Fig. 13. ' We find that the energy dependence is consistent

1 3
with the existence of Dp and F, resonances.
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Real Part of Scattering Amplitude at [t| = 0

The real part of scattering amplitude in the forward region in
23

pp elastic scattering has been experimentally determined. A plot of

Re/Im at |t| = 0 is shown in Fig. 14. The real part changes from positive

to negative as energy increases and becomes zero at around 1.5 GeV/c. The
1 3 17

behavior is consistent with the existence of D~ and F, resonances.
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10 100 1000

Fig. 14 Re/Im at | t | = 0

Any Other Structure?

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

ments of ho. and AaT are yet to be made at small-momentum interval.

But we observe a remarkable energy dependence in C...,

s 2 4

(N,N;O,O) data

at a l l angles24 and also a ec = 90°. As shown in Fig. 10,



data are all positive at large angle up to 3.0 GeV/c, but we ob-

25serve negative values as large as -35% at 6 GeV/c.

Other References on Dibaryons

Other authors have suggested the possibility of the existence

26-29of diproton resonances. Evidence for the existence of resonances

has been seen in the following channels: Y ^ P n, Tid->ird and pp-nrd.

Theoretical Models Without Resonances

There are several attempts ot explain the structure in Ao. data

30 31 32
by Deck models, by opening of inelastic channels, etc. * So
far, none of the models explained the structure at 1.5 GeV/c.

Conclusion on I = 1 Resonances

A summary of diproton resonances is given in Table 1. The name,
2
B , of resonances was adopted during the Tokyo conference.

Table 1

Name

Mass, GeV

I

Width, MeV

Elasticity

pp State

Remarks

Diproton

B2(2.14)

2.H - 2.17

1

50 - 100

-̂ 0.1

\
Aa. ,Aaj,C..

Arndt et al.
Hoshizaki

Resonances

B2(2.22)

2.20 - 2.26

1

100 - 150

^0.2

%

AaL,P,CLL

Hidaka et al.
Hoshizaki

B2(2.43)

2.43 - 2.50

1

<v!50

\ Or \

AaT'^LL
Hoshizaki



We are aware that the structure in Aa. around 1.5 GeV/c consists

of both singlet and triplet spin states. As shown in Fig. 5, AaT data

contain only singlet structures. Then we expect to see only the triplet

structure in (AaT - AaL) as shown in Fig. 15. In this case the mass of B

(2.22) would be somewhat higher.
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1=0 Dinucleon Resonances
33

An Argonne group has recently measured the difference between

isoscaler nucleon-nucleon total cross sections for pure longitudinal initial

spin states, Aa.(I=0), using a polarized proton beam and a polarized



deuteron target. In the Aa, (1=0) preliminary data, a significant structure

is observed around 1.5 GeV/c. This seems to suggest the existence of a

new isoscalar spin-singlet dinucleon resonance. More detailed investigations

wil l take place in the future.

Possible Dinucleon Resonance

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

resonance by measuring the proton polarization in the reaction yd •*• p n.

They observed an energy dependence in the polarization. They interpret

some of the data as an indication of an existence of a deeply boun^

A-A state. Their estimates of mass and width of the possible resonance

are 2380 and 200 MeV. From the angular dependence of their polarization

data, they estimated spin parity and isospin as (J , I) = (3 , 0). They

obtained reasonable fits to the polarization data by introducing their
3

dibaryon resonance with mass around 23S0 MeV in addition to the F3

dinucleon resonance with mass around 2260 MeV described in previous pages.

Without the F, resonance, they could not obtain good fits by using only

one resonance of 2380 MeV. This fact also supports the F3 diproton

resonance picture.

Are There Lower-Mass Narrow-Width Dibaryon Resonances Than Those

Described Above?

At CERN there will be a LEAR (low-energy "p ring) facility which

will allow total cross-section measurements in the pp system at small

steps in the momentum range of 0.1 to 2 GeV/c.



How well were the total cross-section measurements in the pp system

done? As shown in Fig. 1, pp total cross sections were not well measured.

A narrow-width structure could have been overlooked. For instance, the

energy region of 2020-and 2060-MeV resonances, which are on the MacGregor's

diproton trajectory,35 was not well covered. We illustrate these possible

resonances with width % 15 MeV in Fig. 16. As shown in Fig. 4, there is

a strong hint of another dip below 1 GeV/c, and in Fig. 6 there is a

sharp change in the slope also below 1 GeV/c. The speculated 2060-MeV
3

resonance could be consistent with P-j resonance.

It seems highly desirable to make precision pp total cross-section

measurements with small energy intervals.
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Fig. 16 Speculated 2020 (s-wave with elasticity = 1.0) and 2060
(p-wave) resonances.

Note
This text is an updated version of the article which appeared in HUPD-7813.
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