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SYNOPSIS 

In Chapter 1, a literature review is carried out examining the 

different aspects of dibaryon resonances. Different reaction channels 

are investigated for claims substantiating the existence of these 

structures. These claims, however, can also be explained using conven

tional NN~ and N~ physics without the need for conjecturing internal 

degrees of freedoms (quarks) found in various bag models. Evidence for 

the existence of narrow resonant structures is given and compared to 

theoretical model dependent predictions. 

Experimental considerations are examined in Chapter 2 such as probe, 

spectrometer and reaction channel to be used. Various techniques are 

employed to minimize non-resonant background. A multi-particle ~(sterad) 

detector is described which will be used to measure simultaneous angular 

distributions on and off the resonance energy. Finally, the physical 

region accessible to this detector is found. 

The calculation of angular distributions for a resonant state of 

different spin-parity is shown in Chapter 3. The calculation is a 

simplified treatment of the 3-body resonance decay problem in an effort 

to distinguish among these different angular distributions for a reso

nance of pure spin-parity state. The angular distribution measurement 

will substantiate the claim either for the existence of dibaryonic 

resonances or to the contrary. As well, spin assignment is conceivable, 

which will act as a stringent test for the conventional and various quark 

theories. 

In Chapter 4, the results are shown for both the pion rest frame and 

lab frame. The sensitivity for separation is found and converted to the 

number of running hours. 

Chapter 5, is the conclusion. 
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1.1 Motivation 

CHAPTER 1 

INTRODUCTION

1 

A dibaryon is a system of two baryons (B - 2) which are bound or 

quasi-bound. The deuteron is the only bonafide dibaryon. As the most 

prevalent notion of today is that baryons are composed of 3 quarks, the 

interest in dibaryons can also be considered as an extension of the quark 

models to multiquark (> 3) clusters. Perhaps, the baryons (B - 1) are 

the smallest strongly interacting fermions which exist at large spatial 

separations. But, even if a single multiquark resonance is proven to 

exist, the consequences are far reaching, both for Quantum chromodynamics 

(QCD) and for ,our understanding of the structure of nuclei. In QCD, the 

field quanta of the strong interaction, the gluons and the elementary 

matter fields, the quarks, carry a new degree of freedom, the colour, 

which gets excited only at small distances. The confinement of colour to 

typical hadronic dimensions of the order of a fermi should follow from 

the QCD Lagrangian. Yet it has not been possible to rigorously prove 

this crucial property of QCD [Loc84]. Thus confinement is built into ~11 

existing models which connect the observed hadron mass spectrum to the 

underlying quark and gluon structures. 

Many of the theoretical models assume the existence of dibaryons, 

others rely on using conventional nucleon-nucleon-pion (NN~) and nucleon 

8-resonance (N8) physics for th~ir predictions. The resonances are in 

the form of quark clusters. For example, the six quark cluster or 
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q6 -system, with B - 2, can be decomposed into two-3 quark, q3 -q3 clusters 

or into a diquark and a 4-quark, q2-q4 cluster. The advantage of such an 

approach is that a six-body problem is reduced to a two-body problem. 

The concept of clustering is not new to nuclear physics. The a-d cluster 

model has been quite popular since 1940's, due to its simplicity ('A' 

body problem reduced to that of A/~ bodies). 

One such quark model developed in 1975 [DeG75] is the MIT spherical 

bag-model. Since that time, many derivatives of this model have evolved 

such as the cloudy bag model or leaky bag model. These models allow the 

quarks and gluons to move freely and form various clusters in the hadron 

interior while confinement is described approximately by a bag surface. 

For example, Mulders et al. [Mul78] used a rotating stretched bag model 

to predict 25 resonant states with B - 2, S - 0 (zero strangeness) in the 

170 MeV interval between 2.20 and 2.37 GeV mass. This model also pre

dicts the resonance spins as a natural consequence. A conclusive proof 

about the presence or absence of a dibaryon resonance would play a 

crucial role in distinguishing among the bag models and that of conven

tional nucleon-nucleon (NN), NN~, and N~ physics. 

1.2 Nucleon-Nucleon Scattering 

As early as 1963, Oakes [Oak63] conjectured the occurence of strange 

(S ~ 0) dibaryonic_resonances in the form of AN (S- -1) resonant states 

and in the form of~ (S - -2) resonant states. In order to investigate 

S ~ 0 resonant states, hyperon beams or reactions with hyperons in the 

final state are necessary. Then in 1968, Arndt [Arn68] described the 
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possibility of nonstrange (S - 0) dibaryonic resonant states. The first 

serious experimental study of dibaryons was carried out in 1977 by Auer et 

al. [Aue77] at the Argonne National Laboratory using a polarized proton beam 

incident on a polarized proton target. 

Auer et al. measured the total cross section difference of the 

longitudinal polarization component from pp scattering, ~aL(PP ~ pp). 

They found the cross section difference to vary rapidly with the incident 

proton energy. This enhancement of ~aL at Tp = 760 MeV, corresponding to 

a center-of-mass energy JS- 2.22 GeV, with a width of around 200 MeV 

was interpreted as a structure giving evidence of a 3 F3 dibaryon reso-

nance (Hid77; Mul78]. If a structure were not present, the cross section 

difference, ~aL, would show a smooth variation as energy changes or 

remain constant. But, a dip or discontinuity in any of the polarization 

observables is interpreted as likely due to a resonance effect. 

The Argonne experiment triggered the dibaryon fever. Subsequently, 

questions were raised about the correctness of the experimental data as 

well as its interpretation. Several groups repeated the experiment and 

measured AaL, AaT and several other spin dependant observables. ~aL 

(pp ~ pp) and AaT(PP ~ pp) are defined as the total cross section 

difference of the longitudinal and transverse polarization components, 

respectively 

and 

auL [uTot(~) - UTot(~)J/u~ot 

auT- [uTot(t~) - UTot(tt)];uiot 

Tot 1 { Tot(~) Tot(~)} aL - 2 a ~ + a ~ 
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All the experiments qualitatively confirm an energy dependence for ~aL 

and ~aT, indicating the presence of dibaryons although not all the 

experiments cover the whole energy region of interest. The energy · 

dependance for ~aL and ~aT on the proton lab energy seems to be in the 

range Tp ~ 400-800 MeV. As can be seen, Figures 1.1 and 1.2 show the 

collection of World data on ~aL and ~aT [Loc83]. Two enhancements were 

found in ~aT at a proton lab energy of Tp ~ 570 MeV and Tp ~ 1270 MeV, 

corresponding to centre-of-mass energies of JS ~ 2.14 GeV and 2.43 GeV, 

respectively. These structures were interpreted as a 1 D2 partial wave and 

a 1 G4 partial wave dibaryon resonance, while the enhancement in ~aL at 

JS = 2.22 GeV was interpreted as a 3 F3 partial wave dibaryon resonance. 

1.3 Pion Production 

But, there is also another interpretation provided using convention

al N~ and NN~ physics without the need of dibaryon resonances. Using 

phase shift analysis, or partial wave analysis of the global NN data, 

counter clockwise looping from Argand diagrams has been exhibited in both 

the 1 D2 and 3 F3 partial waves, as is shown in Fig. 1.3 [Seth84]. This 

looping has been interpreted as due to the enhancements in the cross 

sections, but only as a result of the NN scattering being very highly 

inelastic [Lom78]. For example, the strong inelastic opening in. theN~ 

threshold could lead to the discontinuities in the energy dependence of 

polarization observables. Thus, one can explain these enhancements of 
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~aL and ~aT using conventional nucleonic, pionic, [for example, one pion 

exchange potentials] and ~ degrees of freedom. But one should remember 

that the formation of dibaryons themselves is a highly inelastic process. 

The above discussion does not rule out the occurence of dibaryons. 

It simply means that in the dibaryon region, nu~leon-nucleon collisions 

are highly inelastic and one needs to exercise caution in the interpreta

tion of experimental data. This can be seen from Fig. 1.4. Pion produc

tion occurs above 288 MeV for incident nucleon energy where NN ~ ~d 

reaction is dominant. Then, around 500 MeV the three-body channel NN ~ 

NN~ becomes of equal strength. At around 800 MeV, the three-body channel 

becomes dominant, accounting for more than 90% of the single pion produc

tion cross section. At 1 GeV, the three-body channel accounts for 50% of 

the total pp cross section. In other words, the enhancements observed in 

~aL and A~T lie in a very inelastic region just where dibaryons are 

believed to form. Thus, one is best advised to look for them in the 

inelastic ch.annels [Seth84]. 

This is why experiments studying the three reaction channels: 

(i) NN ~ NN 

(ii) NN ~ NN~(d~+) 

(iii) ~d ~ ~d 

have been carried out. In a sense, the two to three body reaction NN ~ 

NN~ is the connection between the ~d channel and the NN channel, thus 

creating three coupled channels whose simultaneous investigation and 

understanding is necessary. 

For the experimental channels (ii) and (iii), similar techniques to 
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that of (i), such as measuring polarization observables and using phase 

shift analysis, are employed. 

Most recently Shypit et al. [Shy88] measured various spin-correla

tion parameters in the pp ~ pn~+ reaction and they found no evidence 

for broad dibaryons. 

10 

For the NN ~ NN~ channel, the Argand diagrams also exhibit counter 

clockwise looping, but this effect can be explained using conventional NN 

and N~ dynamics [Bug84] without the need for introducing dibaryons, as is 

the case for nucleon-nucleon scattering. However, other theorists 

[Hir84] claim that the poles at 2170 MeV (J~ = 2+) and 2250 MeV (J~ = 3-) 

are indeed dibaryons. But, what is more encouraging is that the poles in 

the Argand plots for both NN ~ NN and NN ~ NN~ channels appear at approxi

mately the same energy. As well, most recently, Tanaka et al. [Tan88] 

measured spin dependant amplitudes at small angles in the pp ~ d~+ 
reaction and found pronounced disagreement between their data and that 

predicted by conventional theories. 

1.4 ~-d Scattering 

In the case of pion-deuteron scattering, polarization observables as 

well as differential cross sections were measured. The differential 

cross sections can be fit satisfactorily [Pop84] without invoking dibary

ons. The controver~y lies in the measurement of the tensor polarization 

component, t 20 (0). A group from Argonne-Lamp£ [Hol81] measured t 20 (0) at 

several 0~ > 80° at several energies, 142 < T~ < 256 MeV, and found 

negative values of t 20 (0) which decreased smoothly with increasing angle. 



These results can be explained using conventional N~ physics. Another 

group from SIN [Gru82] reported positive values of t 20 (8) which showed 

sharp oscillations with angle at T~- 134 MeV. These results cannot be 

explained using conventional N~ physics, and must invoke dibaryons or 

some other exotic structure. However, this experiment was repeated by 

Shin et al. (Shi85] and found to agree with the Argonne-LAMPF group, as 

is shown in Fig. 1.5; thus indicating that after all dibaryons may not 

contribute to this channel. 

1.5 Photonuclear Reactions 

An entirely different reaction process has. been employed in the 

search of dibaryons, viz., photonuclear reactions. In 1977, Kamai 

11 

[Kam77] conducted a ~d ~ pn reaction and measured the recoil proton polar

ization. Historically, this was the first experiment claiming a dibaryon

ic resonance in non-NN reactions. Experimentally, the polarization is 

large (close to -1) at E~ ~ 500 MeV while calculations based on conven

tional dynamics result in a polarization close to zero. Two other groups 

repeated the experiment ([Bra80] and [Ike80]) which confirm the large 

negative size of the polarization. Theoretical work in this reaction 

channel has been limited and thus the presence or absence of a dibaryon 

resonance is unsettled. 

In the reaction channel, ~d ~ pp~-, Argan et al [Arg81] conducted 

two experiments using a bremsstrahlung photon beam and claimed some 

evidence of a dibaryon resonance at an invariant mass of 2230 MeV with a 

width of r ~ 40 MeV. In the first experiment, the pion and proton were 
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measured in coincidence, and the group saw a deviation from the calcu

lated quasifree cross section in the recoil proton distribution. This is 

shown in Fig. 1.6. However, Argan was later able to reproduce the experi

mental data with simple Na dynamics, thus making the dibaryons to be of 

no consequence in this channel also. 

In the second experiment, Argan measured the inclusive proton cross 

section in the reaction ~d ~ pX. Recently, this group has redone the 

experiment using monochromatic photons and have found no structure. 

(Arg84) 

Evidence for several broad B - 2 resonances have been found, based 

mostly on NN scattering and in pionic channels, and are listed in Table 

1.1, but these results can be interpreted both in a conventional picture 

(using one pion exchange, i.e. NN~ and Na dynamics) and in models using 

quarks and gluons. These resonances are broad, r ~ 100 MeV, because the 

A (1232) resonance is broad. Or perhaps the resonant structures are so 

many, so broad, and so close that they overlap and they may just as well 

not exist. The interest, therefore, has shifted to narrow B - 2 reso

nances, r ~ 50 MeV, which would signal new and possibly exotic physics. 

1.6 Narrow Resonant Structures 

Narrow structures arise when major decay channels are forbidden, due 

to spin, parity or isospin considerations, or when the decay channel must 

overcome a large angular momentum barrier. For example, the o-, 2-, and 

4- with isospin, T-0, states and the 1+, 3+, s+ with T-1 states of the 

six quark system predicted by Mulders et al. [Mul78] may be narrow 
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(i) Isospin 1=1 

2 2 2 2 2 2 2 
81 (2.14) 81 (2.18) 81 (2.22) 81 (2.43) 81 (2.43) 81 (2.70) 81 (2.90 

---------------------------------------------------------------------------------------
Mass, GeV 2.14- 2.18 

Width, MeV 

Elasticity 

Quantum State 

ii) Isospin I=O 

Mass, GeV 

·Width, MeV 

Elasticity 

Quantum State 

50 - 1 50 

0.1 - 0.3 

10 
2 

2.18 - 2.20 2.20 - 2.26 2.43 - 2.50 2.43 - 2.50 

100 - 200 100 - 200 -150 -150 

0.05 - 0.2 

Triplet P 3F Probably 1G Triplet RJJ 
3 4 

3 3 ( P0 or P
2

l 

2 2 

~Q_:~:~~~----------------~Q_:::~=~ 
2.20 - 2.26 

100 - 200 

-0.1 

1F 
3 

2.25 - 2.50 

-200 

Triplet 

Table 1.1 Broad Dibaryon Resonance Candidates [Loc83] 

2.70 ± 0.10 

Triplet RJJ 

2.90 ± o. 

...... 
l.n 
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because they cannot decay into two nucleons. For two nucleons with iso-

spin, T-1, the possible states are (singlet-even and triplet-odd) 

1 S0 (0+), 3 P0 1 2 (0-,1-,2-), 1 D2 (2+), etc. For T-0, the possible states 
' , 

singlet-odd). In fact, the best evidence for the occurence of dibaryon 

resonance comes from narrow resonance experiments. 

Recently the existence of several enhancements in the effective mass 

distribution of the nucleon-nucleon system have been reported [Kaw88]. 

First, the enhancements at Mpn - 2020 MeVjc2 and Mpn - 2130 MeVjc2 in 

proton-neutron (pn) mass distribution were reported by Siemiarczuk et al. 

[Sie83] in the dp ~ (pn)p reaction at the deuteron incident momentum of 

3300 MeV/c. As well, structures at Mon- 2030 M~V/c2 and Mon - 2140 MeVjc2 

in the neutron-neutron mass spectrum were observed by the same group in 

the dp ~ p~+nn reaction. Tatischeff et al. [Tat84] reported a narrow 

resonance at Mpn - 2124 MeVjc2 and 2240 MeVjc2 in the p3 He ~ dX. 

Regarding the proton-proton mass distribution, two enhancements at Mpp 

- 2010 MeVjc2 ~nd Mpp - 2160 MeVjc2 were reported by Dolidze et al. 

[Dol86] in the dp ~ (pp)n reaction. Glagolev et al. [Gla84] observed 

two structures at Mpp - 2035 MeVjc2 and Mpp 2137 MeVjc2 in the 4 Hep ~ 

(pp)dn reaction. A very narrow resonance of r < 5 MeV was reported by 

Bock et al. [Boc86] in the 1d ~ (pp)~- reaction at Mpp- 2014 MeV/c2 • As 

can be seen, Table 1.2 summarizes the characteristics of the NN dibaryon 

candidates. However, most recently Kawai et al. [Kaw88] found no 

evidence of a narrow or broad dibaryon resonance at Mpp - 2035 and 2137 

MeV/c2 in the dp ~ (pp)n reaction. 
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Charge states 
Mass Width 

Reaction 
(MeV/c2

) (MeV) 

proton-proton 2014 ± 1 -5 yd ~ pp7T-
2010 ± 10 63 ±28 dp ~ (pp)n 
2162 ± I 0 18± 26 dp ~ (pp)n 
2035 ± 15 30±23 4 Hep ~ (pp)dn 
2137± 15 59±20 4 1-lep~ (pp)dn 

proton-neutron 2020±10 45±20 dp~ (pn)p 
2130± 10 20± 10 dp~ (pn)p 

neutron-neutron 2035 ± 20 50±20 dp~ p7r-'"'nn 
2143±20 60±20 dp ~ p1r+nn 

Table 1.2 Narrow Dibaryon Resonance Candidates [Kaw88] 
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Features of different data sets seem to suggest the existence of the 

resonances. First, comparing the masses, one observes two structures 

with masses around 2010- 2030 MeVjc2 and 2130- 2160 MeVjc2 . Second, 

these two structures appear in all possible charge states of 0, 1 and 2. 

Third, the widths of structures are relatively narrow (r < 60 MeV) 

compared with ordinary baryon resonances such as N* and~ [Kaw88]. 

Lastly, these structures seem to have occured for different reactions. 

A comparison of narrow structure experimental data to theoretical 

predictions given by the MIT bag model has been positive, or perhaps just 

coincidental. In the framework of a spherical bag of six quarks, the 

mass formula for different states is given [Mol78, Ros81] by the relation 

where 

M(J) - M0 + M1J(J+l) 

Mass of a state with spin J 

Initial Rotational Band Mass (Mass of Band Head) 

Slope Parameter. 

In an attempt to assign spin values to the various masses, the published 

data has been plotted against the value of J(J+l). As is shown in 

Fig. 1.7 [Tat85], two distinct band structures are apparent, the value 

for M0 (J-0) corresponds with a good accuracy to the mass of 2Mn + M~ 

for the first band and to the mass of 2Mn + 2~· for the second band. 

The same mass formula was predicted [Mac79] in conventional nuclear 

physics using a rotational quasi-molecular NN~ model. However, since the 

observed masses correspond to experiments looking at two proton invariant 

masses (without pion) as well as to experiments studying missing masses, 

the assumption of a quasi-molecular model has to be eliminated. As 

well, 
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it seems unlikely that a quasi-molecule NN~ would have a narrow width. 

The narrow width of the resonances points to internal (quark) degrees of 

freedom. 

Referring to Fig. 1.7, again the experimental data points fit the 

relation M- 2.014 + 0.0187 J(J+l) GeVjc2 . Mulders [Mul78] predicted the 

slope parameter M1 to be 19.6 MeV and Rosina and Priner had M1 - 25 MeV. 

The experimental result of 18.·7 favors Mulders prediction. 

The first rotational-like band seems to be fairly well established 

in the sense that at each spin value J, there is a corresponding cluster 

of experimental points. The second line is not defined as well as there 

are only two data points, but it again is very promising that each experi

mental point is aligned with a spin, J, value. It is very encouraging 

that such a mass spectrum has every data point coinciding with a particu

lar spin value. This analysis shows very clearly the need for future 

experiments and the need to determine the spin values for these narrow 

resonance structures. 

The above discussion indicates that the existence of dibaryon 

resonance is unsettled and that this state of affairs demands: 

(i) The need to obtain conclusive evidence either for the existence of 

the resonances or to the contrary. 

(ii) If the resonances occur, one should determine the spin values to 

provide stringent testing grounds to distinguish among various 

models. 
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CHAPTER 2 

EXPERIMENTAL CONSIDERATIONS 
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In an attempt to confirm the presence or absence of (S-0) dibaryon 

resonances, an exclusive photonuclear reaction with the channel ~d ~ pp~ 

promises to be a good candidate. An electromagnetic (E.M.) probe 

constitutes the entrance channel and it is well understood in comparison 

to hadronic probes. The ambiguities, if they exist, will affect the exit 

channel due to final state interactions. Still, the E.M. probe is far 

superior to the hadronic ones for revealing structural effects. As well, 

this reaction channel is highly inelastic and is therefore quite likely 

to reveal the dibaryonic effects. 

Another advantage that photons have over pions and nucleons as the 

projectiles is that photons couple weakly to both the nucleon and ~ 

resonance, whereas pions couple strongly to the nucleon and ~ resonance. 

Consequently, pion absorption occurs at the surface of the nucleus, and 

photoabsorption is a volume effect. Photons are then able to create the 

A in the very center of the nucleus, making possible.the study of its 

interaction in the final state. [Lag85] Thus, the Nucleon- Nucleon (NN) 

and Nucleon-Delta (N~) interactions can be solved in a coupled channel 

formalism and can be compared to hadronic internal (quark) degrees of 

freedom. 

The study of the N6-interaction in the final state has been achieved 

in the systematic study of ~d ~ (p~-)p reaction at Saclay [Arg78, Lag81] 



where the basic mechanisms of the N~ interaction have been singled out 

and are shown in Fig. 2.1. 
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Laget's calculation, which relied heavily upon the free nucleon 

cross section [Lag85], reproduces a wide bulk of experimental data, but a 

significant deviation remains near the NA peak as shown in Fig. 2.2. 

This occurs when the mass of ~NN system is~ 2170 MeVjc2 , which corres

ponds to the mass of a dibaryon resonance candidate. This discrepancy 

between the experimental data and Laget's calculations shows the inade

quacy of conventional ~NN process, including final state interactions. 

It is worthwhile to note that Laget's calculations do not include the 

effect of dibaryonic clusters nor internal hadronic degrees of freedom 

(quarks). It appears to satisfactory account for the experimental 

results, one needs either one or both of the above features. 

As reported in Chapter 1, Bock et al. [Boc86] observed a narrow 

resonance structure at Mpp - 2014 ± 2 MeVjc2 with a width r ~ 5 MeV. The 

experiment was a 1d ~ (pp)~- small acceptance fixed angle measurement 

with a bremsstrahlung photon beam (k0 - 520 MeV). They measured the two 

outgoing protons in coincidence, their energies and their momenta 

completely defining the kinematics of the pion. The invariant mass 

spectrum of the proton-proton system was deduced and Bock et al. were 

able to fit the histogram using a Breit-Wigner resonance shape added to a 

fourth-order polynomial, as is shown in Fig. 2.3. The narrow structure 

observed (r ~ 5 Mev) is convincing evidence for the existence of a dibary

on resonance, but is not conclusive. Determination of another resonance 

property, such as spin or parity, which would substantiate the claim for 
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Fig. 2.1 Basic Mechanisms of Final State N6 Interactions [Lag81] 
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the occurrence of a resonance, was not possible. 

Spin assignment is conceivable from an angular distribution 

measurement. In the Bock et al. experiment, an angular distribution 

measurement was not possible due to the limited angular acceptance of 

their detectors. Furthermore, with their fixed angle measurement, it 

took a one run period of 17 days to obtain the necessary data. Thus, it 

is almost impossible to obtain a simultaneous angular distribution 

measurement without a detector system that accepts a large range of 

angles. 

An ideal spectrometer would cover a 4~ (sterad) solid angle and 

would enable one to measure energies, momenta and species of a multi-

particle final state reaction. From this spectrometer, one would be able 

to measure the total cross section and obtain the branching_ ratios for 

different reaction channels. At the same time, the invariant mass for 

any combination of particles (~ 2) could be deduced and, of course, the 

angular distribution could be measured for any reaction channel. 

The invariant mass Mijk··n of ann-particle state labelled 

i,j,k ... n is defined by 

where 

M~.k 
~J . ·n [ ~ E.] 2 - [ ~ ~ p .. p ·] 

i-1 ~ i-1 j-1 1 J 

• Four-momentum vector of particle i 
1 

E. s Total energy of particle i 
1 

~ 

Pi s 3 momentum vector of particle i 

(2.1) 
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As invariant masses are Lorentz scalars, they have the same numerical 

value in any reference frame. The exclusive reaction 1d ~ pp~- is 

kinematically complete so all four invariant mass distributions can be 

measured. However, certain kinematical cuts are required to discriminate 

against the non-resonant background and obtain the sensitivity needed to 

measure a resonance of such a narrow width. A narrow resonance implies 

the high inelasticity as quasi-elastic processes such as break-up

channels are dynam~cally hindered. Thus, we concentrate on the pion 

production channels in which the pions are also decay products. 

2.2 1d ~ pp~- Reaction 

In the reaction 1d ~ pp~-, we require all three outgoing particles 

to be·from the decay of the resonance and that none of the nucleons act 

as a spectator, i.e. they are produced in the centre-of-momentum system 

(CMS). The nucleon spectator background is quite dominant and is the 

main contributor to our non-resonant background. The basic spectator 

mechanisms can be represented by the following Feynman diagrams 

(Fig. 2.4). 

As to be seen there, diagram a) shows the quasi-free pion production 

in which the photon interacts with the neutron creating a pion and a 

proton. Diagram b) describes the formation of a A-resonance decaying 

into a pion and a proton . 

. In the framework of the Fermi gas model, the nucleon spectator has a 

momentum less then or equal to the Fermi-momentum, PF, given by [Hen74] 

p _ he 
F Roc [91rZ] 

4A = 231 MeV/c (2.2) 



where 

R0 mean radius of a nucleon, 1.3 fm 

he 197.33 MeV-fm 

Z Proton Number 

A Atomic Number 

Thus, quasi-free production process, in general, will have one of 

the detected nucleons around the Fermi momentum. Therefore, a cut in 

momentum is required in an attempt to minimize the non-resonant 

background. 

Although a cut is made to get above the non-resonant background, 

final state interactions (FSI) between N-N and N-~, and NN~ are not 

easily discernable until the analysis stages. The FSI complicate the 

data interpretation in two ways. Firstly, the magnitude of the cross 

sections are altered, and secondly the FSI would interfere with the 

resonance angular distributions. 
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The final state interactions are indicated in Fig. 2.4. Diagram c) 

indicates the formation of a ~-resonance with the exchange part mediated 

by a pion which can propagate on shell and it very well describes the 

multiple scattering up to the second order. Diagram d) represents the 

direct part of the N~ interaction mediated by the exchange of virtual 

mesons. The final state interactions represent higher order processes 

via the strong interaction and have a very large cross section. But the 

resonant cross section, which is shown in Fig. 2.4e), has a similar cross 

section or hopefully somewhat larger. Bock et al. (Boc86) have set an 
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upper limit of 1 ~b for the reaction ~d ~ (pp)*~- ~ pp~-. The 

resonance cross section being small, it is imperative that one employs a 

large acceptance detector with simultaneous angular distribution 

measurement capabilities to render the experiment realisable. 

In the analysis procedure, discrimination between the FSI and 

resonance contribution hopefully will be achieved by measuring the entire 

data both on and off the resonance. The FSI terms should be monotonous 

functions of photon energy, E~, because these interaction terms should 

behave the same whether one is on the resonance or off the resonance. 

The angular distribution on the resonance will be characterized by the 

resonance spin and under favourable conditions one can anticipate a 

unique pattern as a function of E~ if the resonance occurs. 

The advantages of a simultaneous measurement on and off the reso

nance energy are many-fold. The length of time needed for data collec

tion is shortened tremendously. As well, the systematic errors will be 

eliminated such as beam profile variations, photon flux and target 

density variations. 

2.3 Experimental Facilities 

A simultaneous measurement on and off the resonance energy is 

possible using a tagged photon beam. The advantage of a tagged photon 

beam over a bremsstrahlung beam is that one knows the energy of the 

photon which participates in the reaction. With a bremsstrahlung beam, 

one can utilize the flat area of the photon energy spectrum where the 

photon flux is constant, however, the energy range is fairly large and 
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the kinematical reconstructi~n is difficult, if_not impossible. Or one 

can utilize the region close to the end point energy where the energy 

range is small, but the flux is low and the dynamical range is 

restricted. A tagged photon beam has none of these problems and a 

diagram depicting a typical setup is shown in Fig. 2.5. An electron beam 

of energy E is .scattered through a radiator creating a bremsstrahlung 

beam. The scattered electrons of energy E' ± 8E' are then bent by a 

magnet into an array of detectors which span the energy region E' ± 8E'. 

Each detector in the array corresponds to a particular electron energy, 

E", which of course is fixed from the field of the bending magnet. By 

knowing which detector fires, one determines the energy E" of the 

scattered electron. An event in coincidence with the scattered electrons 

immedately determines the energy of the photon causing the reaction as 

E1 - E- E". Thus, the photon is tagged. The range of the tagged 

photons, which of course depends on the width of the detector array, is 

then from E1 - E- (E' + ~E') to E1 - E- (E' - 8E'). 

The photon tagging facility at the Institute for Nuclear Study (INS) 

(Tokyo) provides such an experimental opportunity. The facility has a 

1.3 GeV electron synchrotron capable of providing tagged photons with an 

intensity of 104 1/lO MeV with a duty factor of- 20%. Photons of energy 

from 0.1 GeV to 1.2 GeV are possible with an energy range of 350 MeV for 

one setting of the electron beam. This is well suited for simultaneous 

on-off resonance measurements. For resonances of mass 2170 and 

2240 MeVjc2 , the corresponding photon energies are 325 and 407 MeV, 

respectively. Thus photons of energy E1 - 200-550 MeV is all that is 
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needed to study on and off the resonance, and both the resonances and the 

corresponding off resonance measurements can be carried out with one 

energy setting of the electron synchrotron, i.e. 650 MeV. 

The detector to be employed is a large angle acceptance multiparti

cle spectrometer called TAGX. This detector can provide coincidence 

measurements for up to four charged particles with ease and perhaps five, 

but only one neutron (no~~ ~0 , yet) at a time is possible. The layout 

of the detector is shown in Fig. 2.6. 

The detector consists of (a) two sets of inner hodoscopes (IH), 

(b) two sets of multi-wire semi-cylindrical drift chambers, (CDC), (c) 

two sets of outer hodoscopes (OH), and also (d) an array of neutron 

detectors. See Fig. 2.7 for the characteristics of the TAGX. The 

angular range covered by the detector components is ~ (sterad) for 

charged particles with 8 = 10° to 170° and ~ = +18° to -18° on both sides 

of the beam line, while for neutrons the angular acceptance is 1 sterad 

covered from 10°-90° on one side and from 90°-170° on the other. Thus, a 

simultaneous large acceptance angular distribution measurement is quite 

feasible and very efficient. The angular resolution is< lo for charged 

particles and- 3° for neutrons. 

Momentum measurements are provided utilizing the momentum analyzing 

magnet in conjunction with the two sets of multi-layered semi-cylindrical 

drift chambers. Thus, track reconstruction of an event from the target 

to the outer hodoscope is possible. See Fig. 2.8. The momentum resolu

tion for the entire system is aP/P .045 P (Gevjc). The energy of the 

charged particle is found from the momentum determination by track recon-
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Inner hodoscope: 12 scintilla tors 0.5 I 5 I 10 ems 

Outer hodoscope: 34 scint111ators 1 I 1 S 1 60 ems 
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Fig. 2.7 TAGX Characteristics 
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struction and time-of-flight (TOF) data from the IH to OH counters. 

The energy deposited, 8E, in each detector is provided from the ADC, 

analog to digital converter, devices and then particle or species 

identification is found by plotting 8E1 vs. 8E2 . Where 8E1 and 8E2 are 

the energy deposits in the corresponding IH and OH scintillators. Thus, 

the system has a built in redundancy to ensure the data quality and 

offers a kinematically overdetermined measurement for at least four 

charged particles and one neutron, in the final state (with the exception 

of ~o's and ~'s). The angular distribution data is obtained 

simultaneously due to the large acceptance of the TAGX detector. 

2.4 Physical Region 

The physical region accessible to the TAGX detector is effected by 

the momentum cuts. As mentioned above, a momentum cut accepting only 

protons with momenta greater than 231 MeV/c is ne~essary to get above the 

quasi-free background. However, as the Fig. 2.9 shows, the optimal 

acceptance of ~ (sterads) for TAGX is not achieved below momenta of 300 

MeVjc for protons. Thus, a momentum cut of 300 MeVjc for protons will be 

employed to minimize the non-resonant background. 

As mentioned above, all three outgoing particles, pp~-, are 

considered to belong directly to the resonance decay channel. By 

coupling the two protons together and treating the pion to have zero 

momentum, the two protons must have equal and opposite momentum in the 

pion's rest frame. See Fig. 2.10. So in the Pion's Rest Frame (PRF), 

which is the Resonance Rest Frame (RRF) for the reaction ~d ~ pp~-
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(2.3) 

where 

~* P is the three-dimensional momentum vector of the pion - zero 
~ 

~* P
1 

is the three-dimensional momentum vector of the proton 

~* P2 is the three-dimensional momentum vector of the other proton 

*indicates in the Pion's Rest Frame 

The physical region accessible to the TAG X detector is found as 

follows: 

i) Specify the particular lab momentum and angle of both protons. 

ii) Find the lab momentum and angle for the Pion corresponding to the 

given photon momentum. 

iii) Boost from the Lab System to the Pion Rest Frame and find the 

corresponding momenta and angle of each proton. 

iv) Return to i) and increment one of the proton angles and repeat steps 

ii) and iii) until 10° to 170° is covered. 

v) Return to i) and increment the other proton angle and repeat steps 

ii) to iv) until 10° to 170° is covered. 

vi) Return to i) and increment momenta of one proton and repeat steps 

ii) to v) inclusive until the physical region is defined in both the 

Lab System and the Pion Rest Frame. 

In the Lab Frame: 

~ p (2.4) 
1 
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where 

-+ 
P • three-dimensional momentum vector of the incoming photon ..., 

-+ 
pl E! 

-+ 
p2 -
-+ p 5 

7r 

which implies 

three-dimensional momentum vector of proton 1 

three-dimensional momentum vector of proton 2 

three-dimensional momentum vector of the pion 

tan8 
7r 

P1 sin8 1 + P2 sin8 2 

(2.5) 

(2.6) 

(2.7)

The physical region of the proton-proton (p-p) system is found for 

both the Lab System and the Pion Rest Frame because the angular distribu-

tion, which is calculated in Chapter 3, is the angular distribution of 

D* in the Pion Rest Frame, with respect to the beam direction. Note 

that in the pion rest frame which is equivalent to the Resonance Rest 

Frame, 8~- 180 - e;, thus defining one angle e* is sufficient. 

Once the Angular Distribution is calculated in the pion rest frame, then 

a Lorentz transformation is performed to find the corresponding Angular 

Distribution in the lab system. 

The energy balance of the reaction -yd -+ pp1r- in the lab system are 

as follows: 
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(2.8) 

~~~ jr1 T w1 + jP2 + m2 + jp~ + m~ (2.8a) 

where 

ET -Total energy of the lab system 

E-y -Incoming photon energy 

Md = Deuteron mass = 1.8694 GeVjc2 

ml ,mz = Mass of proton- 0.93828 GeVjc2 

In,r IE Mass of pion (~-) = 0.13957 GeVjc2 

So by specifying the lab momenta P1 and P2 , then P~ is defined by 

the total energy of the system, i.e. by the energy of the incoming 

photon, E-y· As well, the Lorentz factor, -yCM, necessary to transform 

between the lab system and the centre-of-momentum system (i.e. resonance 

rest frame) is dependent on E-y.and is given by: 

where 

CM 
1' 

JS IE (center of mass energy) 

(2.9) 

(2.10) 

The resonance rest frame defined as P~ + Pi + P; = 0, where P; is 

treated with zero momentum, is equivalent to the centre-of-momentum system 
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defined asP~+ P~ = 0 because all three outgoing particles, pp~-, are 

produced in the centre-of-momentum system. Thus, the Lorentz transforma-

tion between the centre-of-momentum system and the lab system can be 

employed, as found in [Byc73]. 

The Lorentz transformation is then: 

where 

where 

VCM • Velocity of the centre-of-momentum 

system in the lab system 

~ 

P • 3-momentum of incoming photon. 
1 

The angles are transformed using 

where 

• (}* 
s~n . 

tan8. - --~~----~--~~ 
~ 1CM{cos8: + V __ cM_ 

... v~ 
~ 

v~ E Velocity of particle i in the 
~ pion rest frame 

(2.11) 

(2.12) 

(2.13) 

(2.14) 
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p~ 
~ 

E~ 
(2.15) 

~ 

The physical region is calculated taking into account only the 

kinematics of the reaction and not by conjecturing a dibaryon resonance 

or any other dynamical effects. 

Thus for a specified E~ and a specified P~ the physical space is 

defined as a function of e*. The angular distribution [Ch.3] is also 

calculated as a function of e*. 

It is then essential that we verify if the angular distributions 

patterns are sensitive to the resonance spins in the physical region 

available to TAGX, even though the experimental data may be contaminated 

with quasifree and FSI backgrounds. However, the latter are monotonous 

functions of incident photon energies while two resonance distributions 

are uniquely shaped at the appropriate energies, so one can hope to 

identify the structures, if they exist. 



CHAPTER 3 

CALCULATION OF·ANGULAR DISTRIBUTIONS 

3.1 Introduction 

The spin and parity of a resonance X formed in a production-decay 

reaction 

A+B-+X+C+ 

X-+a+b+c+ 
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can be determined by measuring the polarization and angular distributions 

of particles a, b, c ... Furthermore, this can be done without consider

ing the dynamics of the decay by merely making use of the consequences of 

rotational symmetry and parity invariance. Thus angular momentum 

considerations are primary in these problems. 

Various versions of spin analysis formalisms have been developed and 

are now standardized. They are very similar as they all rely, naturally, 

upon the use of angular momentum conservation and the principle of super

position in quantum mechanics. For example, the method of Byers and 

Fenster [Bye63] analyzes the decay of a fermion in a spin ~ fermion plus 

a boson, while the tensor formalism of Zemach [Zem65] and the density 

matrix method developed by Berman and Jacob [Ber65], allow for the decay 

of an unstable boson or fermion into bosons and fermions. Ademollo, 

Gatto and Preparata developed spin tests for bosons [Ade65a] from a 

simple procedure of experimental averages, and they also developed spin 

tests for fermions using density matrix formalism [Ade65b]. Thus, 

formalisms have been worked out for specific available experimental data. 
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As to be explained later, the d* ~ pp~- resonance decay can be 

simplified to the distribution from the decay of a boson to a two fermion 

state. Chung [Chu65] developed angular distribution formalism for the 

decay of a boson into a boson of spin 1 and a spinless boson. This 

method is analagous to that developed by Byers and Fe~ster. But before 

we calculate the angular distributions of various spin-parity, J~, 

states of d*, we will outline the method with a simple example [Koc68]. 

For instance, a p meson with spin 1 is produced in some reaction 

with its spin completely polarized along z direction and decays into two 

spinless bosons. In terms of the Dirac ket vector notation, IJM >, where 

J • spin value, and M • magnetic quantum number M • -J, -J + 1, ... J, 

the p meson is in the state 11, 1 >. The spherical harmonics Y~(O,~) are 

defined as the wave function of state IJM> in the 0, ~representation, i.e. 

Now, the eigenstate 11, 1 >of the p meson can be decomposed into 

two coupled outgoing wave functions, for the 2~ mesons; one defining the 

orbital angular momentum, -Y~(O,~), and the other defining the spin, 

ms Xs , of the two outgoing~ mesons where L + S- J. This is accomplished 

with Clebsch-Gordan coe~ficients, i.e. 

.~ M-m 
~JM(O,~)- < 0,~ I J,M >- L (LSm , M- miJM)rL(e,~)xs (3.1) 

m 

where 0,~ indicate the emission direction. For this example, the spin of 

the two ~ mesons is zero so the orbital angular momentum of the final two 
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~ mesons is just the total angular momentum, J = 1, of the p meson. The 

outgoing wave function of the 2~ mesons is then 

(3.2) 

Therefore, the probability of finding one of the outgoing particles at 

(8,~) and thus the angular distribution is 

* I < 8 , ~) = wf. < 8 , ~) wf. < 8 , ~) 
1.n 1.n 

(3.3) 

for the initial state ll,l >. 

3.2 Analysis 

In the reaction 1d ~ d* ~ pp~-, the polarization distribution will 

not be measured. Therefore, at present, the angular distribution measure-

ment is the only set of data to be obtained. Thus it is important to 

first calculate the sensitivity of angular distributions of different 

spin-parity states (J~) for the resonances before an experiment is 

attempted. If different J~ states are not distinguishable, then angular 

distribution measurements may not be warranted. 

The calculation assumes that a pure resonance in a particular spin 

parity, J~, state is formed and decays to a specific channel viz. pp~-. 

All three outgoing particles, pp~-, are required to be the decay 
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products. Then by coupling the two protons with a zero momentum pion, 

the problem of a boson decaying into two fermions and a spinless boson is 

reduced to that of two coupled fermions in the final state. Thus a 

3-body problem is reduced to a 2-body problem. 

Once the two protons are treated as a coupled system, proper anti-

symmetrization requirement further restricts the proton-proton (p-p) wave-

functions. This simplification is a natural consequence of the Pauli 

Exclusion Principle. The antisymmetrization of the proton-proton wave-

function implies that the value: 

L + S + T - odd (3.4) 

where L, S and T ·are the orbital angular momentum, spin and isospin of 

the p-p system. 

The isospin.projection of a proton is~ which implies for two 

protons an isospin projection of 1. Therefore, the total isospin must be 

T = 1 for two protons. Thus L + S - Even. This implies spin singlet 

L-even and spin triplet, L-odd wave functions are the only ones allowed. 

In spectroscopic notation, 2S+lLJ, the possible proton-proton wave-

functions are 

'111 = 1 So ' 3 p o 1 2 ' 1 02 ' 3 F 2 3 4 ' 1 G 4 ' etc . 
pp ' ' ' ' 

(3.5) 

By working in the pion's rest frame, the pion partial waves are 

zero, i.e. ~ = 0. Thus the total spin of the resonance is shared 

between the two protons and the wavefunction of the p-p system directly 



gives the angular distribution. There is then no confusion on the 

percentage of contribution of each higher pion partial wave as only the 

p-p partial waves contribute. As the main aim of the thesis is to 
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examine if angular distributions of the three-body final states are 

sensitive enough to distinguish between different JR, it was deemed 

sufficient to evaluate with the proton partial waves as a first attempt. 

With this simplification, the p-p partial waves are fixed due to conserva

tion of parity. However, for a given J~ of the resonance, the p-p 

wavefunction is not necessarily a pure partial wave. The wavefunction 

may be a linear superposition of two or more partial waves. This problem 

will be illuminated for the case J~- 2+. 

As the process ~d ~ d* ~ pp~- proceeds through electromagnetic 

interaction in resonance formation and the decay is via strong inter

action, parity of the system must be conserved. The parity of the 

outgoing particles P(pp~-) is determined by 

where 

L • Orbital angular momentum of the coupled 

proton-proton system 

(3.6) 

Pint<PP) • Intrinsic parity of the proton-proton system 



so 

Pint<~-) • Intrinsic parity of the pion. 

The intrinsic parity of the p-p system is even while that of the 

pion is odd. So the total intrinsic parity of the outgoing particles is 

odd. 

Thus the partial waves of the p-p system contributing to the decay 

process are fixed. For example, if the resonance formed is of spin-

parity J~- 1+, then the proton-proton wavefunction is 3 P1 • The 

angular distribution can then be calculated and tested to the experi-

mental data, thus providing a simple test for the resonance's spin. 

An angular distribution calculation for a boson decaying into two 

fermions and a boson is now simplified to a boson decaying into two 

fermions. The angular distribution, !(8,~), calculated is that of the 

proton vector in the pion's rest frame w.r.t. the beam axis, as shown in 

Fig. 2.10, and is given by 

~ m*fJiMn(8,~) mJM (8 ~) ~ ~ ~ PMM ~fin '~ 
M 

(3.7) 

where PMM is the probability of the resonance state existing in a 

particular spin projection. The intrinsic spin projection of the 

incoming photon, A is either ±1 and the intrinsic spin projection of the 

deuteron is either ±1 or 0. Thus, the probability of the resonance stat~ 

having M- ±2, ±1 spin projection is 1/6 while for a spin projection M 

0, the probability is 1/3 for a total probability of 1. The spin 
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projection quantum number M obeys M- m +A. The Table 3.1 shows the 

different probabilities of the resonance spin projection, M. 

Table 3.1 

A m M P(M) 

1 1 2 1/6 
0 1 1/6 

-1 0 1/3 
-1 1 0 

0 -1 1/6 
-1 -2' 1/6 

3.3 Formalism 

Before the angular distributions can be calculated for the various 

spin-parity, J~, states the wave function of the p-p system [Koc68] 

must be written. 

JM m--L M-~~ 
wf. (8,~) - L (LSm,M-miJM) xs y_L(8,~) 

~n m-+L 

and the angular distribution is then 

where 

M--2 m==-L 2 

I(O,f)- E pMM E (LSm,M-mjJM) 2 l~(O,f)l 
M-+2 m==+L 

M-m xs = Proton-proton spin wavefunction 

~(8,~) =Spherical harmonic: Orbital angular momentum 

wavefunction in 8,~ representation 

(3.. 8) 

(3.9) 
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The detailed calculations for the angular distribution of the decay 

products of the resonance with J~ - 1+ is given below. The resonance 

formation occurs through an isovector Ml transition with the outgoing 

wavefunction constructed of a 1 S0 pion coupled to a 3 P1 proton-proton 

The measurements of angular distributions with unpolarized beams and 

targets are not sensitive to the sign of the resonance spin projection, 

so only positive and zero M values need be summed over. The total wave-

function is therefore: 

+ (lll,-lllO)x11 Yt + (1100I10)x~Y~ + (11,-11llO)xrY1 1 (3.10) 

where 

(1100j10) - 0 (3.11) 

This gives 

*1 1 
I < 8 , <P) - wf. < 8 , <P) • wf. < 8 , <P) 

1n 1n 

- ~ m*fliMn(n,~) mlM (n ~) 
t... '.\' 11 .,.. PMM '.\'fin v,.,.. 
M 

(3.12) 



m 
s Making use of the orthonormal property of xs , viz: 

We can write the angular distribution 1(8,¢) as 

It reduces to 

1 +-
6 
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(3.13) 

(3.14) 

(3.15) 

where the spherical harmonics are shown in Table 3.2. We, thus, obtain 

1(8 ¢) == l-. . .!. {1 + sin28} 
' 4~ 6 2 

as the angular distribution of the proton vect<?r in the pion's rest frame 

w.r.t. the beam axis for a resonant of spin parity, J~- 1+. 

Following the same procedure, we calculated the angular distribu-

tions for higher spin, J~, values. The various cases are listed below: 
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Case 2: 

The resonance formation is through an isovector Ml transition. The 

corresponding wavefunction for ( 1 S0 )~ * (3 P2 )pp is: 

2M m==l M-m -~ 
wf. (9,~)- L (llm,M-mi2M)x1 Y 1 (9,~) 

l.n m==-1 

The angular distribution is then: 

2 

- L 
M=O 

w2M 2M 
fin PMM wfin 

- !.__ll {1 + l_ cos2 9} 
4~ 12 11 

(3.16) 

(3.17) 

However, F-wave p-p partial waves are also allowed to couple to S-wave 

pions. This angular distribution calculation is as follows: 

The resonance formation is also through an isovector Ml transition 

with the wavefunction for (1 S0 ) * (3 F2 ) being 
~ pp 

2M m-3 M-m -~ 
wf. (9,~)- L (3lm,M-mj2M)xl Ys(9,~) 

l.n m--3 
(3.18) 

The angular distribution is then 



ym = ( -1)mJ 1 J(21 + 1) (/- lml)l Pr(x) e'm"; x =cos 0 1 
4n (I + lml)l 

o JT I= 0 Y0 = -·I 
4n 

I = 1 Y,o = J l J3 · x 
4n 

Y[' = +J 1 J~·.JI -x2 e±'" 
4n 2 

I = 2 Y2° = J 1 J5 · ! (3x2 
- I) 

4n 2 

Y/
1 

= +J 1 J~ · 3xJI- x
2 e±'" 

4n 6 

yfl = J 1 /5. 3(1 - xl) e±lltp 
4n '-/24 

o j1 r-1- 3 I = 3 Y3 · = - v 7 ·- (5x - 3x) 
4n 2 

yfl = +J 1 J7 . ~(5x:z- 1) .J1- x:z e±'" 
4n 12 2 

y3±~ = J 1 J 7 
· 15x(1 - x

2
) e± 2

'" 
4n 120 

y3±
3 = +J 1 J 7 

·15(1- x2
) J1- x2 e± 3

'" 
4n 120 

I= 4 Yt = J 1 
• 3 ·! (35x4 

- 30x2 + 3) 
4n 8 

Yf-
1 = +J 1 ·J 9 ·~(7x2 - 3)xJI-x2 e±'" 

4n 20 2 · 

Yl 2 
= J 1 

· J 1 
• ~ (7x

2 
- 1) (1 - x

2
) e*

2
'" 

4n 40 2 

y4±
3 = + J 1 ·! J 1 

· 105x(I - x2
)

312 e± 31
" 

· 4n 4 35 

y4±4 = J I • ! J I • 105(1 - .x:z):z e±4ltp 

4n 8 70 

Table 3.2 Spherical Harmonics 

55 



56 

!(8,¢) *2 2 
wf. < 8 , 4>) wf. < 8 , ¢) 

~n ~n 

M-2 *2M 2M L wf. (8,¢)pMMwf. (8,¢) 
M=O ~n ~n 

(3.19) 

As can be seen, two different p-p partial waves can contribute to 

the angular distribution for the resonance, J~ - 2+. The question 

then arises as to how much each partial wave contributes and how they 

together will affect the angular distribution. One must then write the 

p-p wavefunction as a linear superposition of the 3 P2 partial wave and 

the 3 F2 partial wave. This can be done using a mixing parameter, p, and 

for this case one will assume that the partial waves are real. The wave 

function is then 

(3.20) 

The angular distribution given by 

(3.21) 

is then 



1(8,~) - L [cosp( 3 P2) + sinp( 3 F2)]*pMM[cosp( 3 P2) + sinP(3 F2)] 
M 

- L pMM[cos2PI 3 P2 12 + sin2PI 3 F2 12 + 2sinpcosp( 3 P2)*( 3 F2)] 
M 
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(3.22) 

Thus when P - zero, the angular distribution becomes only the 3 P2 partial 

wave contribution and when p - ~12 the 3 F2 partial wave only contributes 

to the angular distribution. So by varying p between zero and ~, the 

intereference term can be investigated as to how it affects the angular 

distribution. 

The interference term is given by 

Thus using 

gives 

-1* -1 } + (.218) Y3 (8,~)Y3 (8,~) 

(3.23) 

and (3.24) 

~ - ~! [~] { 1. 001 cos4 9 - • 801 cos2 9 + 0. 0668 }2sin,8cos,8 

Figure 3.1 shows the angular distribution of J~ - 2+ for various 
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~ values. As one can see, the curves from the interference term flue-

tuate between ~ zero and~ = ~/2, namely the angular .distribution for 

the 3 P2 and 3 F2 partial waves respectively. All curves are peaked at goo 

except for ~ - 0. As can be seen, the angular distribution for J~ 2+ 

can take on various shapes depending on the value of ~. The angular 

distribution of 2- ( 1 02 ), as shown in Fig. 4.1, is similar to the angular 

distribution of 2+ (~ = 5/6 ~), shown in Fig. 3.1. However, the 2- (1 02 ) 

curve is forward peaked while that of the 2+ (~ - 5/6 ~) is peaked at goo . 

Thus, it would appear that the angular distributions for these two spin-

parity states of the resonartce are distinct and separable. Furthermore, an 

isotropic distribution, corresponding to J~- o+, is also possible for a 

specific~ between zero and ~/6 for J~- 2+. Nevertheless, the experi-

mental data obtained up to the present, as discussed in Chapter 1, does not 

point to a resonance spin-parity of J~ - o+. This is reassuring, but by 

no means conclusive. If an isotropic distribution is found, then further 

analysis would be required before a spin-parity assignment to the resonance 

is possible. 

Case 3: 

The resonance formation is through an isovector El transition. The 

corresponding wavefunction for ( 1 S0 )~ * (1 D2 )pp is: 

2M 
wf. (8,~)- (20MOI2M)x~ ~(0,~) 

Ln 
(3.27) 

The angular distribution is then: 
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(3.28) 

Case 4: 

The·resonance formation is through an isovector M3 or isoscaler E2 

transition. The corresponding wavefunction for ( 1 S 0 )~ * (3 F3 )pp is: 

(3.29) 

The angular distribution is then: 

(3.30) 

2 
*3M 3M - I wf. (8,¢)pMMwf. (8,¢) 

M-0 ~n ~n 

where PMM, M > 2 are zero because spin projection, M, of the resonance 

cannot be greater than M- 2. Therefore, the angular distribution is: 

!(8,¢)- L.l {15 sins8 + 15 cos2sin4 8 + 1
3

6 sin2.8(5cos28-1) 2 
4~ 2 48 16 

+ i2 (5cos3 9- 3cos9) 2 } 

for J~- 3+ with ( 1 S 0 )~ * (3 F3 )pp· 
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Case 5: J1t' - 4+ 

The resonance formation is through an isovector M3 transition. The 

4M m=3 
li"fin(O,¢) == L 

m=-3 

M-m . .m (3lm,M-mi4M)x1 Y3 (0,¢) 

The angular distribution is then: 

*4 4 I(O,¢) - li"f. (0,¢) wf. (0,¢) 
~n ~n 

M-2 *4M 4M - E wf. (O,¢)pMMwf. (O,¢) 
M-0 ~n ~n 

1 *40 40 
+ -3 wf. (0,¢) wf. (O,¢) 

~n ~n 

7 1 { ( 15) . ( 15) = 41r·3 (.0357) - 8-- s~n6 0 + (.5357) - 8--- cos20sin49 

Case 6: 

(3.31) 

(3.32) 

The resonance formation is through an isovector M4 or an isoscaler 

E3 transition. The corresponding wavefunction for ( 1 S0 )1t' * (1 G4)pp is: 

w4f~ (0,¢) - (40MOI4M)x~ ~(0,¢) 
~n 

(3.33) 
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The angular distribution is then: 

(3.34) 

Thus for the various spin-parity, J~, of a resonant state, the angular 

distribution of the proton vector in the pion rest frame with respect to 

the beam line is calculated. 
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CHAPTER 4 

RESULTS 

4.1 Angular Distribution in the Pion Rest Frame and Lab Frame 

Figures 4.1 and 4.2 show the results of angular distribution 

calculations in the pion rest frame. The Angular Distribution is that of 

the proton vector w.r.t. the beam axis for the reaction 1d ~ pp~- in 

which the pion is at rest. The distributions for the resonance spins 

corresponding to maximum angular momentum coupling (i.e. 3 P2 , 1 D2 , 3 F3 

and 1 G4 ) have maxima at oo and 180° (see Fig. 4.1). The distributions 

for non-maxima coupling (Fig. 4.2) are peaked at goo. All angular 

distributions are symmetric about goo in the pion rest frame. The boost 

from t~e pion rest frame to the lab system is a one-body transformation 

as described in [Byc73, pg.Sg] and is given by 

~n* 
I( n ~) ~' I*(n*,~*) 

u,~ -dO u ~ (4.1) 

A~* dcosn* * ~ u I*<8*t/> ) 
- d4> dcos8 

* !( 8) _ dcos8 I*< 8*) 
dcos8 

where 

dO* 
dO - Jacobian Transformation 

!(8) is expressed in terms of 8* using the equation 
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CM 
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. n* 
s~nu 

-as defined in Chapter 2. 

Where 

with 

p* - Momentum of proton in pion rest frame p 

E* - Proton energy in pion rest frame 
p 

mp - Rest mass of proton 

The Jacobian is defined as 

* dcosO 
dcosO CM p* 'Y • 

p 

where 8 is expressed in terms of o*. 

p2 

CM ] - EPV cosO 
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(4.2) 

(4.3) 

(4.4) 

Figures 4.3 and 4.4 show the corresponding distributions in the lab 

frame. All the distributions are forward peaked and yet remain distin-

guishable for different values of resonance spins. 
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4.2 Counting Rate Estimates 

It is now important to determine the statistical accuracy required 

to experimentally distinguish between different angular distributions to 

arrive at the spin assignments. By analyzing the laboratory angular 

distributions, one can obtain the number of counts needed to separate the 

different resonance spin-parity states within the proper statistical 

accuracy. The angular distributions which are the most similar are the 

spin-parity states J~- 4+ (3 F4 coupling) and J~- 2- (1 D2 coupling). 

These distributions are most noticeably different in the range between 

60° to 125° (as seen in Fig. 4.3) and are indistinguishable in the other 

regions. The statistical accuracy needed to separate the two angular 

distributions is approximately 2% at 60°. The number of events needed to 

obtain this accuracy corresponds to N(O) = 2500 counts. 

Thus 2500 events at a particular angle will ensure a 2% accuracy for 

that angle. The number of running hours needed to obtain that accuracy 

is: 

N(O) (Cross-Section)(Photon Flux)(Number of Scattering Centers) 

a · N · N 
1 part 

where 

a - 1 J.£b/sr 

N1 - 104 -y/10 MeV/sec 

N part 

(4.5) 
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N(8) - (10-30 )(104 ~/10 MeVjsec) (0. 5 )( 6 · 0~ x 
1023

) 

- 1.505 x 10-3 counts 
(sec)·(lO MeV) 

This corresponds to approximately 461 hours or 20 days of running time 

needed to obtain a 2% accuracy for any angle. 

As the TAGX detector enables simultaneous angular distributions both 

on and off resonances, this running time is not unduly long. It thus 

appears that one can consider the spin assignments as feasible, should 

the resonance exist. 



CHAPTER 5 

CONCLUSION 

Despite several efforts by various research groups, the occurrence 

of dibaryonic resonances is still an open question. Various model 

arguments suggest their presence and also make specific spin-parity 

predictions. It is thus considered highly desirable that a program 

should be carried out to examine whether each resonance exists, and 

should they exist, to arrive at definite spin assignments for the same. 
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In this thesis, we have calculated the angular distribution patterns 

for different spin possibilities in the dibaryonic decay to NN~ channels. 

To keep the calculations tractable and physics transparent, we restricted 

the outgoing channels to minimum angular momentum states for the specific 

resonances (i.e. S-wave pions coupled to the properly antisymmetrized 

proton-proton pair). In this simple-minded picture, the characteristic 

angular distribution for different resonances are distinct, and it is 

concluded that measurements with statistical accuracies of about 2% are 

more than adequate. However, it should be recognized that the experimen

tal data might not be as clean and distinct as those calculations 

suggest. The contribution from higher partial waves and the influence of 

overlapping resonances, if they exist, might render the data interpreta

tion somewhat difficult. However, the existence of resonances is easier 

to investigate. Due to the virtue of the TAGX system, one can perform 

simultaneous on-off resonance measurements. Thus a non-monotonic varia-
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tion of angular distribution with the incident photon energy, will signal 

the presence of a resonance at appropriate energies. 

The assignment of a spin-parity value would substantiate the claim 

for the existence of a dibaryon resonance. As well, it would act as a 

stringent testing ground among various quark models. In this effort, the 

experiment measuring the angular distribution of the reaction ~d ~ pp~

should be pursued. 
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