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This is the annual progress report by the high-energy theorists in 

the physics department, Purdue University. The report consists of three 

sections, a list of personnel who have worked on this contract, annual 

progress reports prepared by the individuals, and a joint list of thirty-

nine publications. This list of publications indicates, our research has 

been generally successful on many current subject matters in elementary 

particle physics. The details of the progress made are described below 

by the individuals who have worked on this contract. 
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II. Progress Reports: 

1. R. H. Capps: 

The papers I have completed during' this period have involved in 

different ways the application of the duality principle to strong in

teractions. One well-known result of the application of duality to hadron-

hadron-hadron scattering amplitudes that are exotic (of quantum numbers 

for which no resonances exist) is that the Regge trajectories of either 

cross channel must be exchange degenerate, and the sum of the residues 

of the trajectories of one signature must equal that of the other signa

ture. In Paper 1 of the list below, a more general condition is written, 

that applies to meson-baryon amplitudes whether or not they are exotic in 

any channel. Essentially, the new condition is that the difference between 

the residues of the odd and even-signature baryonic trajectories is an 

eigenfunction of the s-u channel crossing matrix. Implications of this 

condition for rrN, TTA, and TTE amplitudes are compared to experimental data 

concerning the partial widths of resonances. The agreement is good. 

In Papers 2 and 4, the generalized duality condition used above is ap

plied to all hadron-hadron scattering amplitudes possible in a hypothetical 

universe of four separately degenerate sets of particles, mesons of both 

parities and baryons of both parities. The Regge residues are proportional 

to quadratic combinations of hadron-hadron-hadron interaction constants. 

The solutions to the algebraic conditions on the interaction constants are 

found. The conditions require that a symmetry of the SU(n) type must be pre

sent, and that the mesons and baryons must interact as if they are quark-

antiquark and quark-quark composites, respectively. The term quark is used 

I 
i 
I 
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here to mean a set of mathematical entities that interact as the fundamental 

representation of the SU(n) group. Thus a quark model, with no physical 

quarks, has been bootstrapped. Even though physical baryons in nature are 

described as three-quark composites (rather than two-quark composites), it may 

be that a bootstrap condition of the general type used here is the reason 

that the quark model works so well. 

In Paper 3, a standard duality condition is applied to KN scattering 

amplitudes; these amplitudes are exotic in the u channel. The method is 

an extension of one used earlier by King and Wali [Phys. Rev. Letters 24, 

1460 (1970)]. It is found that even if the local duality condition of King 

and Wali is relaxed somewhat, daughter Regge trajectories (lower trajec

tories parallel to the leading trajectory) are predicted in the KN channels. 
* 

Some predictions are compared with experimental data on Y resonances; the 

agreement is fair. Such comparisons will be more significant after the 

experimental data is more complete. 

Papers Published: 

1. Meson-Baryon Consistency Conditions from Duality, Phys. Rev. 2D, 

2640 (1970). 

2. Possible Bootstrap Origin of Mathematical Quarks, Proceedings of 

Symposium on Hadron Spectroscopy, Balatonfiired Hungary, Sept. (1970), 

to be published. 

3. Implications of Duality for KN Resonances, Phys. Lett. 33B, 596 

(1970), (with V. V. Dixit). 

4. Mathematical Quarks from a Bootstrap Principle, Phys. Rev., to be 

published. 
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In addition, the following papers, completed before June 1, 1970, were 

published in the period. 

5. Induction of Quark-Like Structure of Baryons, Phys. Rev. ID, 780 

(1970). 

6. Duality and the Non-Pomeranchuk Contributions to TTN and KN Cross 

Sections," Phys. Rev. 2D (Comments Section), 946 (1970), (with V. 

V. Dixit). 

2. S. P. Rosen: 

A. Linear and Nonlinear Realizations of Chiral SU(3) (With A. McDonald): 

Our main progress this year has been to solve the problem of convert

ing nonlinear realizations of SU(3) x SU(3) into linear ones. Previously 

we had considered the same problem in SU(2) , and we solved it essentially 
2 by reconstructing the nonlinear a-model of Gell-Mann and Levy out of the 

most general rule for the action of chiral operators on the pion field. 

The analogue of the o"-model for SU(3) is the pair of representations (3,3) 

and (3,3), and our problem was to construct the scalar and pseudoscalar 

quantities u and v in terms of the octet of pseudoscalar meson fields 
a p 

and the functions which describe the action of chiral operators upon these 
fields. Once we know u and v„ we can use the standard techniques of linear 

a p 

representation theory to construct effective Lagrangians for many processes. 

Happily we have been able to find the general expressions for the (3,3) and 

(3,3) representation by first looking at a very special definition of the 

meson field, and then redefining the field to its most general form. 

We have applied the results to constructing a pseudoscalar meson 
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Lagrangian in which all the symmetry breaking occurs in the mass term. We 

assume that the SU(3) preserving and SU(3) breaking mass terms belong to 

the same representation of SU(3) x SU(3), and we fix these terms by feed

ing in the empirical masses of pions and K-mesons. This enables us to cal

culate S-wave, meson-meson scattering lengths in terms of m , nu, and the 

parameters of the SU(3) x SU(3) representation. Our results agree with 

previous work when this representation is (3,3) + (3,3), but they are more 

general since they hold for symmetry breaking in any representation. 

This work is being written up for publication. 

1. S. P. Rosen, Phys. Rev. Dl, 3392 (1970). 

2. M. Gell-Mann and M. Levy, Nuovo Cimento 16, 705 (1960). 

Papers Published: 

1. Finite Transformations in Various Representations of SU(3), Journal 

of Math. Phys., May (1971). 

2. Nonleptonic Decay and the Current-Current Theory (with S. Pakvasa), 

Fields and Quanta, June (1971). 

Papers in Preparation: 

Linear and Nonlinear Realizations of SU(3) (with A. McDonald). 

B. Models of Hyperon Decay (with L. R. Ram Mohan): 

In Paper 1, the contribution of decuplet particle poles to the s-wave 

hyperon decay amplitudes had been evaluated in the pole model in an earlier 

paper. Using projection techniques in SU(3) space it has been shown that 

these terms do contribute significantly to the decay amplitudes, and that 

the decuplet pole terms satisfy the Lee-Sugawara sum rule. With A(Z ,) as 
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input the parameters of the octet and decuplet particle poles can be related 

to each other. 

The first experimental measurement of i the decay rate and asymmetry para

meter in £ -» py has been reported recently. In Paper 2, it was shown that 

none of the theories makes predictions in accord with the experimental re

sults. 

In analogy with the 2-body weak radiative decays of the hyperons we ex

pect that the Q particle, which decays only via the weak interactions, should 

have the corresponding decay modes. Photon low energy theorems allow us to 

relate these radiative decay amplitudes to the nonleptonic decays. Theoreti

cal estimates for the partial decay rates for the various nonleptonic and 

weak electromagnetic decays of the Q have been evaluated in Papers 3 and 4. 

In Paper 3, it is suggested that a direct determination of the spin of the 

Q particle is possible from a measurement of the decay distributions of the 

pions in the S TT modes since these modes are expected to exhibit large asym

metries. 

In Paper 5, algebraic aspects of chiral symmetry were studied by investi

gating the consequences of assuming that there is no isospin T = 2 part in 

the commutator [̂  , Qr,] of time derivatives of the axial charges. This as

sumption provides constraints on the mass matrix of Weinberg, leading to a 

prediction of the mixing angles introduced by Weinberg for the TT - A - p - a 

and the N - N - A particles. The same condition leads to mass degeneracy 

for hadrons with only p-wave pion interactions. 

In Paper 6, modifications of the usual current commutation relations 

were studied. A model was obtained which allowed for a large value of the 
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^-parameter in K.» decays. Earlier results of Weinberg on K., decays are 

maintained in this model even though the Callan-Treiman relation is modi

fied so as to allow for any value of the ^-parameter. Consequences of the 

model were explored for the nonleptonic decays of K-mesons and hyperons 

and for pion photoproduction. 

An application of current algebra and the soft pion limit allows one 

to evaluate the weak P-violating potential by relating the weak NNrr vertex 

to s-wave hyperon decay amplitudes. In Paper 7, it is shown that the CP-

violating pion exchange potential can be obtained in Glashow's model using 

the same techniques. Furthermore, the CP-violating amplitudes B -» B 'TT are 

shown to exhibit octet dominance. 

Papers Completed: 

1. Baryon Pole Model for S-wave Hyperon Decay, L. R. Ram Mohan, Phys. Rev. 

D2, 2101 (1970). 

2. Current Algebra and the Weak Radiative Decays of Hyperons, L. R. Ram 

Mohan, Phys. Rev. D3, 785 (1971). 

3. Photon Low-energy Theorem and the Radiative Decays of the Q Particle, 

L. R. Ram Mohan, Phys. Rev. D_, May (1971). 

4. The Weak Decays of the Q Particle and Current Algebra, L. R. Ram Mohan, 

Ph. D. thesis, Purdue University, October (1970). 

5. On Superconvergence and Algebraic Realizations of Chiral Symmetry, L. 

R. Ram Mohan and A. McDonald, Phys. Rev. to be published, (1971). 

6. Behaviour of Space Components of Currents Under SU(3) x SU(3) Transforma

tions, L. R. Ram Mohan and J. Katz, submitted to Phys. Rev. 
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7. Sum Rules for CP Nonconserving BBTT Amplitudes in Glashow's Model, 

L. R. Ram Mohan, submitted to Phys. Rev. 

3. M. Sugawara: 

A. Quantum Numbers of Nonstrange, Neutral Bosons: 

The fact that all the observed boson resonances have the quantum num

bers of the quark-antiquark system may appear to indicate that the quarks 

in fact exist. The purpose of this study was to show that this fact may be 

explained without the quarks. It was shown that the trilinear (or Yukawa-

type) vertex of a nonstrange, neutral boson with the spin-— baryon vanishes 

unless this boson has the quantum numbers of the quark-antiquark system, 

as long as C and P are good quantum numbers and the conventional analyticity 

assumption holds. In other words, if a boson possesses the quantum numbers 

other than those of the quark-antiquark system, it must interact with the 

spin--r baryon only as a pair or more and would, therefore, very difficult to 

observe. 

The above proof consists of first observing that a nonstrange, neutral 

boson is not allowed to decay into a pair of the spin-— baryons, even when 

its mass exceeds that of this pair of baryons, unless it has the quantum num

bers of the quark-antiquark system. We then observe that the aforementioned 

vertex of this boson with the spin--r baryon is nothing but the analytic con

tinuation of this decay amplitude. The essential part of the above proof is 

the proof that various properties of the above decay amplitude are preserved 

during this analytic continuation. 

1. MJ Sugawara, Phys. Rev. Letters 2b, 1067 (1971). 

I 
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B. Ambiguity in SoftPion Limit of Weak and Electromagnetic MatrixElements 
(with J. Katz): 

Contrary to the application by Adler and Weisberger of the softpion 
i 

technique and current algebra to the pionnucleon scattering amplitude, 

ambiguity arises in the softpion limit in the case of the weak and elec

tromagnetic matrixelements of hadrons. This ambiguity is due to the fact 

that these matrixelements involve current operators, rather than their 

divergences. We have found a way to remove this ambiguity, which is based 

upon the observation that the timespace current commutators at equal times 

may not be of the simplest form. Moreover, this observation leads us to 

the softpion limits of these matrixelements which no longer possess the 

difficulties encountered previously in such decays as TT ♦ 2y, T] » 3TT, and 
± o ± 

K » TT + I + V. 
1. J. Katz and M. Sugawara, to be published. 

C. SelfConsistency Conditions for Resonances: 

The purpose of this project is to derive the selfconsistency condi

tions for resonances whose simplest solution can explain all the observed 

resonances. The basic idea stems from the fact that more than one reso

nance often share the same quantum numbers except for the mass. Since these 

resonances can be correlated by the conventional offmassshell continua

tion, the selfconsistency conditions follow for these resonances if the 

offmassshell dispersion relation is saturated in terms of resonances. 

However, there are two important points in deriving the selfconsistency 

conditions. Firstly, we saturate the offmassshell dispersion relation 

satisfied by the decay amplitude of a resonance into another resonance. We 
l 
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make this choice not only because the decay amplitude has the simplest anal

yticity structure, but also because the self-consistency conditions then de

pend on the decays of resonances. This is attractive because the resonances 

are characterized by their decays in addition to their quantum numbers. 

The second important point in our approach is that we derive the self-

consistency conditions by saturating the once-subtracted dispersion relation, 

but not the unsubtracted dispersion relation. Obviously, this makes the 

self-consistency conditions better satisfied. In order to determine the sub

traction constant thereby needed, it was proposed earlier that the soft-

pion technique and current algebra are used. The main difficulties in this 

attempt are that it applies only to the pionic decays and also that ambi

guities arise in extending current algebra which is needed to accommodate 

high-spin resonances. 
2 

In our new attempt, however, we determine the above subtraction con
stant based upon the fact that the decay amplitude of a high-spin resonance 
can be continued to the amplitude in which a low-spin resonance decays in
to the same state, as long as these resonances have the same quantum num
bers except for spin and parity. The above-mentioned difficulties (of the 
earlier attempt ) no longer arise. The new self-consistency conditions 
have been derived for boson resonances. Though their simplest solution re
quires more resonances than the resonances currently accepted, the overall 

2 agreement with experiments is very encouraging . 

1. M. Sugawara, Phys. Rev. Letters 24, 681 (1970) and the references 

herein. 

2. M. Sugawara, to be published. 

I 
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4. Arnold Tubis: 

A. Analyticity Constraints on Scattering Amplitudes; Pion-Pion Scattering 
(with S. K. Gupta, Purdue University, Calument Regional Campus): 

A previous derivation of highly convergent disperion sum rules for for

ward scattering has been extended to the case of the crossing odd ampli

tudes. The derivations are based on the same analyticity, unitarity, cross

ing and asymptotic assumptions that are used in the derivation of ordinary 

forward dispersion relations. The sum rules have been used to test the low 

energy TTTT forward scattering amplitudes (s, p, d - wave contributions) con-
2 

structed from the simple model of Olsson and to discriminate between the 
3 six explicit s, p - wave amplitudes given by Le Guillou, Morel and Navelet , 

The amplitudes of Le Guillou et al. satisfy the usual analyticity, unitari

ty and crossing constraints (including constraints in the Mandelstam trian-
4-8 

gle derived by Martin, Roskies and others ), and experimental p-wave phase-
shifts between 500 and 1100 MeV. A simple interpolation argument shows that 

1 2 the sum rule for the amplitude T (= — T + -r T„) would be very near-TTO rro 3 o 3 2 J 

ly satisfied by s, p - wave amplitudes corresponding to s-wave scattering 

lengths a » 0.14m a„ = -0.07 m and p-wave scattering length a_ P» 
-3 

0. 0.35m . These values are in fairly good agreement with current algebra 
9 estimates. This analysis shows that the forward scattering sum rules used, 

will provide stringent tests of various models for low energy scattering 

parameters. A preliminary report of this work was presented at the Physical 

Society meeting in Wassington, April 26, and a paper describing the analy-
i 

sis is now being submitted to the Physical Review. 

1. D. J. George and A. Tubis, Phys. Rev. Letters 21, 495 (1968 ), 

erratum 21, 1786 (1968). 
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2. "A Theory of Low Energy TT-TT Scattering," M. G. Olsson, University 

of Wisconsin preprint, C00-282 (1970). 

3. "Unambiguous TTTT S Waves From General Principles and the Existence of 

the p Meson," J. C. Le Guillou, A. Morel and H. Navelet, CERN Preprint, 

TH. 1260 (1970). 

4. R. Roskies, Nuovo Cimento 65A, 467 (1970). 

5. A. Martin, Nuovo Cimento 47A, 265 (1967); 58A, 303 (1968); 63A, 167 

(1969). 

6. A. K. Common, Nuovo Cimento 53A, 946 (1968). 

7. G. Auberson, 0. Brander, G. Mahoux and A. Martin, Nuovo Cimento 65A, 

743 (1970). 

8. G. Auberson, Nuovo Cimento 68A, 281 (1970). 

9. See e.g., S. Weinberg, Phys. Rev. Letters 1_7, 616 (1966). 

10. S. K. Gupta and A. Tubis, Bull. Am. Phys. Soc. II, 16, 527 (1971). 

11. "Highly Convergent Forward Dispersion Sum Rules and Pion Pion Phase 

Shifts," S. K. Gupta and A. Tubis, to be submitted to Physical Review D. 

B. Three-Body Scattering and Bound States: 

a. Off Energy Shell T-Matrix for Singular Core Interactions (with Y. E. Kim); 

A previous derivation of an integral equation, which gives the complete 

off-energy-shell t-matrix for two-body scattering via interactions with sing

ular core behavior, has been generalized so as to include tensor and Coulomb 
2 I 

forces. The core interaction is described by the boundary condition model 
(BCM). For a given interaction outside the core region, specified core in-

1 4 
teraction parameters r , f, and mild analyticity assumptions, the off-shell 

! 1 5 v 

t-matrix is unique. This work completes the formalism ' for carrying out 
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calculations of tri-nucleon bound-state and scattering parameters using 

the Faddeev equations and realistic nucleon-nucleon forces. 

b. Extrapolation to the Limit of Singular Core Interactions in the Three 
Body Problem (with Y. E. Kim): 

Brayshaw has recently shown that the Faddeev equations do not have a 

unique solution when two-body interactions have singular core behaviors 
3 given by the boundary condition model (BCM) in all partial waves. His 

analysis does not directly apply to the calculations of Kim and Tubis and 
Q 

Fuda , in which only two-body s-wave interactions are assumed. The kernel 

of the Faddeev equations for BCM two-body interactions has been shown to 

have an infinite Schmidt norm even if two-body interactions are confined to 

a single partial wave. This does not necessarily mean that the kernel is 

non-compact, and we have not as yet found a proof for the compactness (or 

non-compactness) of the kernel for this case. We have considered a family 

of two-body interactions, with square repulsions of strength V for particle 
separation r < r , which become the BCM in the limit V -» =>. For finite V , o o o 
the Faddeev kernel has a finite Schmidt norm (and is hence compact) and stan

dard numerical matrix techniques may be used for solving the three-body equa

tions. Simplified calculations of the triton binding energy, using two-body 

s-wave interactions of this type, were carried out for a number of choices 
of V . The two-body potentials for r > r were not varied. It was found o J o 
that the three particle binding energy has a simple dependence on V . The 

value of the binding energy extrapolated to the limit V = °° was found to be 

in excellent agreement with the result of a previous calculation based on 

BCM two-particle interactions and numerical methods predicated on the assumed 

i 
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validity of standard matrix inversion techniques. These results seem to 

justify the numerical procedures used in references 7 and 8. A paper 

describing this work has been submitted to the Physical Review. We are 

now doing calculations for bound state, scattering and form factor para

meters of tri-nucleon systems, for the case of BCM two-body interactions 

in a finite number of partial waves. Calculations are being done using 

essentially the methods of reference 7, and the results are being checked 

by extrapolation of the results of soft-core calculations to the singular-

core limit. 

1. Y. E. Kim and A. Tubis, Phys. Rev. CI, 414 (1970). 

2. Y. E. Kim and A. Tubis, Phys. Rev. C2, 2118 (1970). 

3. H. Feshbach, E. L. Lomon, and A. Tubis, Phys. Rev. Letters 6, 635 

(1961); H. Feshbach and E. L. Lomon, Ann. Phys. (N. Y.) 29, 19 

(1964); 48, 94 (1968). 

4. D. D. Brayshaw, Phys. Rev. C3, 35 (1971). 

5. Y. E. Kim, J. Math. Phys. 10, 1491 (1969); E. P. Harper, Y. E. Kim 

and A. Tubis, Phys. Rev. C2, 877 (1970). 

6. D. D. Brayshaw, Phys. Rev. Letters 26, 659 (1971). 

7. Y. E. Kim and A. Tubis, Phys. Rev. CI, 1627 (1970). 

8. M. G. Fuda, Phys. Rev. L78, 1682 (1969). 

5. L. A. P. Balazs: 

At the beginning of the preceding year work was completed on a series 

of calculations based on a purely on-shell version of a relativistic gener

alization of the Schrodinger equation with a local but energy-dependent 
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potential. Such an approach is more convergent than the usual strip 

formalism of Chew and Frautschi, and can thus be justified on the basis 

of a criterion of maximal convergence. It,also leads to trajectories 

which rise indefinitely and satisfy average duality. It was found that 

it is possible to obtain an output 1 = 1 trajectory in approximate agree

ment with experiment by taking an inelasticity factor of the type that 

would be obtained from Pomeranchuck exchange at high energies and a po

tential of the type that would arise in an ABFST (AmatiBertocchiFubini
2 

StanghelliniTonin) multiperipheral model. 

The subsequent work has been concerned primarily with various aspects 

of the multiperipheral model. In particular it has centered on the dynami

cal integral equations for the elastic absorptive part which result from 

inserting a multiperipheral description of highenergy production processes 

into a multiparticle unitarity equation. The solution of this equation 

makes it possible to calculate Regge trajectories, as well as obtain boot

strap conditions. If the absorptive part is inserted into a fixed momentum 

transfer dispersion relation it is also possible to obtain the low energy 

amplitude in the crossed channel. 
3 

In an approximate calculation completed last winter the ABFST version 
2 

of this model was used, so that the amplitude satisfied a BS (BetheSalpeter) 

equation. The rrn Veneziano model was used to calculate the ABFST input ker

nel, for which offshell effects were neglected and an "inelasticity" factor 

was introduced to approximately take into account other exchanges besides 

the pion. The strength of this factor was fixed by using the ChewMandelstam 

TTTT symmetry  point condition, and a Pagelstype approximation was used to 

I 
I 

■ i 
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solve the actual equations. It was then found that zeros arose in the 

Swave amplitudes, which can presumably be identified with the zeros 

predicted by PCAC. It was also found that the leading Regge trajectories 

have no difficulty in rising to fairly high angular momentum and corre

spond to relatively narrowp and f resonances,as well as a highenergy 

total crosssection in approximate agreement with experiment. 

In a program initiated in collaboration with V. V. Dixit (a Purdue 

graduate student) an ABFST model is being studied in which, instead of 

using an inelasticity factor, one puts in cu exchange along with TT exchange 

in the original multiperipheral chain. This leads to a sum of graphs 

equivalent to a coupled channel TTTTTTU) BS equation. These graphs are then 

summed approximately by rearranging the series in terms of Pade approxi

mants in a given partial wave in the crossed channel; in practice only the 

[1,1] approximant is being considered. In the simplest version of this 

approach one constructs the approximants for the TTTT ♦ rrn amplitude alone. 

For this, the program has reached the stage where preliminary calculations 

have been begun on seeing to what extent the output Regge poles resemble 

the input ones, at least in some region of energy. In a more complicated 

version one would construct Pade approximants for the matrix amplitude which 

describes the rmncu system simultaneously. This has the advantage that a 

diagonal approximant then satisfies the twochannel unitarity exactly. While 

most of the formalism for this has been set up, no actual calculations have 

yet been attempted for this version. 

Finally, in a series of calculations begun this winter, the absorptive 

part generated by a multiperipheral model was inserted into a finiteenergy 

i 

J 

l 
I 

l 
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sum rule. This immediately gives a simple expression for the Regge trajec

tory, and only involves evaluating a finite number of multiperipheral graphs. 

If one further introduces the usual duality of Regge behavior and low-energy 

resonances, one can obtain simple inhomogeneous bootstrap conditions on 

their widths; this led to results in approximate agreement with experiment 

when applied to particular multiperipheral models in the rrn system. In a 

generalized ABFST scheme one can also obtain conditions on the I = 0 rm Regge 

trajectories from a knowledge of the 1 = 1 trajectory, without having to 

make some of the more detailed dynamical assumptions that normally have to be 

put into such a calculation. In particular, this leads to a relation be

tween the elastic and total cross sections which is approximately satisfied 

by the values inferred from the nN and NN cross sections through factoriza

tion. 

1. L. A. P. Balazs, Phys. Rev. D2, 999 (1970). 

2. D. Amati, M. Ami and A. Stanghellini, Nuovo Cimento 30, 193 (1963). 

3. L. A. P. Balazs, An Extended ABFST Multiperipheral Model and PCAC 

Predictions in Ttn Scattering, Purdue University preprint (to be 

published). 

6. N. H. Fuchs: 

A. Off-Mass-Shell Extrapolation for 7] Meson Scattering: 

Using the techniques of current algebra and PCAC, broken chiral SU(3) x 

SU(3) symmetry has been shown to be a good approximation in many processes. 

The symmetry limit is realized in the form of a zero-mass pseudoscalar me

son octet rather than in chiral multiplets, i.e., in the form of a spon-
1 2 tanebusly broken symmetry with Goldstone bosons. ' This has been accom-
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3 plished neatly in the chiral Lagrangian formalism. Moreover, Lovelace 

has conjectured that there is an intimate relation between chiral sym-
4 metry and the Veneziano formula, in that chiral symmetry for soft mesons 

together with the absence of exotic resonances is equivalent to the 

Veneziano formula with no satellites. For example, when the Adler condi

tion is imposed on the Veneziano amplitudes for Trn, nK, and KK scattering 

(restricted by no exotic I = 2 or Y = 2 resonances), and the amplitudes 

expanded to first order in the invariants, the results are just the linear 

expansions which are determined (uniquely) by current algebra and the a-
* ^ * 

terms given by (3,3 ) (& (3 ,3) breaking of chiral SU(3) x SU(3). There
fore, for these processes, Lovelace's conjecture is valid. 

On the other hand, if the same techniques are applied to processes 

involving the T], one finds that in order to satisfy the Adler conditions 

with a one term Veneziano amplitude one is led to the undesirable results 
2 2 that m^ = try 

We assumed that the T| meson interpolating field is approximately given 

near zero four-momentum squared by the divergence of the eighth axial vec-
Q 

tor current A , matrix elements describing T] scattering on various targets 

are continued off the mass shell. The amplitudes were of the Veneziano 

form on the mass shell. We found that a, (m_2) = %, where a, (t) is the 

degenerate cp,f' Regge trajectory function; quantization of masses analo

gous to that obtained using similar assumptions for n scattering; equality 

if the D/F ratio of tensor trajectory coupling to baryons and the D/F ratio 

of the octet mass splitting spurion coupling to baryons. The equality of 

T\ and TT masses was avoided. 
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1. R. Dashen, Phys. Rev. 183, 245 (1969). 

2. R. Dashen and M. Weinstein, Phys. Rev. 183, 1261 (1969). 

3. C. Lovelace, Phys. Letters 28B, 265 (1968). 

K. Kawarabayashi, S. Kitakado and H. Yabuki, Phys. Letters, 28B 

432 (1969). R. W. Griffith, Phys. Rev. 176, 1705 (1968). 

4. G. Veneziano, Nuovo Cimento _57A, 190 (1968). 

5. H. Osborn, Nucl. Phys. B15, 501 (1970). 

6. N. H. Fuchs, Phys. Rev. D3, 1514 (1971). 

B. A Model for Vector Meson Photoproduction at High Energy: 

The current literature on photon interactions with hadrons, both 

theoretical and experimental, is dominated by one viewpoint: the vector 

dominance model. The basic assumption of this model is that the photon 

may be considered as a coherent mixture of p, u), and cp mesons, so that 

photon interactions occur through the interactions of its constituent vec

tor mesons. The model is attractive, but we have discussed a somewhat 

different model for some particular photon induced reactions, namely vector 

meson production on hydrogen. 

There are essentially two reasons for our attitude. One is that since 

we have presently no theory derived from "first principles," another pheno-

menological approach may lead to some more insight into the problem. Since 

we were more detailed in our model, we expected more predictions. For exam

ple, the vector dominance model relates reactions involving photons to ones 

involving transverse vector mesons, but there is no specification of the 

frame in which the mesons are transverse. Secondly, vector mesons are 
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unstable particles, so that they are perhaps better considered as resonat

ing twomeson states. If the invariant mass of the twomeson state is 

far from the resonance mass, then the mesons are not so correlated any 

more and may interact independently of each other. This viewpoint has 

been adopted with good results in describing the twomeson "background" 

to vector meson photoproduction. We treated vector meson photoproduction 
2 

along similar lines. The incident photon was assumed to dissociate into 

a charged pion or kaon pair; one of the mesons scatters diffractively from 

the proton target, and then the pair of mesons recombines into a vector 
3 

meson. The amplitudes constructed have several theoretically desirable 

characteristics, such as (i) analyticity and correct singularity structure 

in the mass squared for the photon and (ii) approximate unitarity in the 

crossed channel. Agreement with present highenergy experimental data is 

good in that schannel helicity conservation is obtained and differential 

cross sections have the correct shape; however, some results, notably the 

energy dependence, appear to be in disagreement with experiments. 

1. S. C. C. Ting, Rapporteurs Summary, in Proceedings of the XIV 

International Conference on High Energy Physics at Vienna, 

September 1968 (CERN, Geneva, 1968) p. 43; J. J. Sakurai, Ann. 

Phys. (N. Y.) 11, 1(1960); M. GellMann and F. Zachariasen, 

Phys. Rev. 124, 953 (1961); M. GellMann, ibid., 149, 1172 (1966); 

H. Harari, ibid., 155, 1565 (1967). 

2. N. H. Fuchs, Phys. Rev. D (to be published in June). 

3. For a similar approach, see G. Kramer and J. Uretsky, Phys. Rev. 

181, 1918 (1969); also, compare with S. M. Berman and S. D. Drell, 

■ ibid., 133B, 791 (1964). 

i 
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C. K„ Decays in Generalized Veneziano Model (with S. Mahajan): 

Using a generalized Veneziano Model, the amplitudes for K -+ 3rr were 
i 

numerically calculated for various values of the odd pion energies in the 

K rest frame. For a given energy of the odd pion, the variation of ener

gies of the other two pions led to no significant change in the amplitude. 

The slopes were calculated with no free parameters and excellent agreement 

with experiment was obtained. 

7. T. K. Kuo: 

The Structure of Internal Symmetry Groups: 

For some time it has been tacitly, and widely, assumed that internal 

symmetry groups are a priori and arbitrary. However, closer examination 

of the evidences suggests that intriguing and interwoven structures abound. 
2J F For instance, the empirical relations (-1) = (-1) , where F = fermion 

21 Y number, and (-1) = (-1) , hint at a non-trivial relationship of the SU(2) 

groups (rotation and isospin) and the gauge groups (fermion number and 

hypercharge). Of a more subtle nature is, for instance, the Yang-Tiomno 

symmetry which explicitly isolates the well-known.yet somewhat vague, state

ment that the parity of the spinors are a priori arbitrary, i.e., the in

trinsic parity of a fermion may either be positive or negative. From a 
2 different angle, there was the Goldstone - Nambu "hidden symmetry" or 

"spontaneously broken symmetry". In short, a "hidden symmetry" is a sym

metry of the Hamiltonian, but not a symmetry of the physical states. 
3 4 It was found ' that all of these may be understood in terms of a 

"bootstrap principle": Given an internal symmetry group G, then the outer 
I 
i 
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automorphism of G must themselves be symmetries. These new symmetries 

are, in general, hidden. 
i Based on this observation, it was found that a close analog of the 

usual "charge conjugation" symmetry follows from charge conservation. The 

Yang-Tiomno symmetry is easily derived by considering the symmetry group 

consisting of rotation (SU(2)) and parity (Z_). Generalizing these con

siderations to isospin and parity, we then find a perfect symmetry between 

the usual "vector" and "axial-vector" strangeness-changing currents in the 

weak interactions. This is merely the statement: "The parity of the iso

spin spinors are arbitrary". One of the consequences of this result is 

that, starting from parity and isospin (SU(2)), we must enlarge it to 

SU(3) x SU(3), so that the limit "in which SU(3) is exact, but SU(3) x 

SU(3) is broken" can not exist, [if parity is not taken into considera

tion, this conclusion does not follow.] 

By applying the same considerations to time reversal symmetry and 

SU(2) (rotation and isospin), it- is found that, owing to the anti-unitary 

nature of T, one actually derives the fermion number conservation from an

gular momentum conservation, and, in a similar way, the hypercharge conser-
o T Y vat ion from isospin symmetry. Further, the relations (-1) = (-1) and 

21 Y (-1) = (-1) are derived. 

1. C. N. Yang and J. Tiomno, Phys. Rev. 79, 495 (1950). 

2. J. Goldstone, Nuovo Cimento ̂ 9, 154 (1961). 

3. T. K. Kuo, Internal Symmetry Groups and Their Automorphisms (to be 

published). 

4. T. K. Kuo, the Structure of Internal Symmetry Groups (to be published). 
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8. E. Fischbach: 

A. The ParityViolating Internucleon Potential and Models of the Weak 
Hamiltonian: 

During the past year, the general parityviolating (pv) potential 
1 2 

derived elsewhere ' has been applied to several fewnucleon processes 

as part of our continuing program to explore models of the weak Hamiltonian 
3 

H . In the process n + p ^ d + v w e studied the dependence of various 
w ' 
pv parameters (such as the longitudinal polarization of the photons, their 

angular asymmetry etc.) on models of H and showed how the various models 
w 

of H lead to orderofmagnitude differences in their predictions for the 
magnitudes of these parameters. Thus when sufficiently accurate data be
come available this process will be able to clearly rule out a large num
ber of models of H . 

w 
4 ' 

A second process that was studied was the parityforbidden decay 
16
0(8.88MeV; JP= 2~) » C + He, in which it was shown that the recent 

experimental observation of this decay demanded the presence of noncancel

ing seagull and Schwinger terms in the weak pv (nucleon ♦ nucleon + vector 

meson) amplitudes. 

Progress was also made on the computation of the multipion exchange 

contribution to the weak pv internucleon potential . 

1. E. Fischbach, D. Tadic, and K. Trabert, Phys. Rev. 186, 1688 (1969). 

2. E. Fischbach, D. Tadic and K. Trabert in High Energy Physics and Nuclear 

Structure, edited by S. Devons, (Plenum, New York, 1970) p. 742. 

3. E. Hadjimichael and E. Fischbach, Phys. Rev. D3, 755 (1971). 

4. W. K. Cheng, E. Fischbach, H. Primakoff, D. Tadic and K. Trabert, 
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Phys. Rev. D3, May 1, (1970). 
/ 

5. W. K. Cheng, E. Fischbach, D. Tadic and K. Trabert, to be published. 

B. K.0 Form Factors: A3 

Motivated by scaling considerations, a new formulation of K _ decays 

has been given based on the Kemmer equation. It was observed that since 

the Kemmer and Klein-Gordon (K-G) fields behaved differently under scale 

transformations, symmetry breaking effects would show up differently in 

the Kemmer formulation than in the conventional K-G formulation. This was 

demonstrated explicitly for the K , form factors with the following results: 

1) The observed (large and negative) value of 5 was explained as being 

partly a kinematic effect; 2) The effective scalar form factor f (t) was 
2 2 

predicted to have a kinematic zero at q = - (ni + m ) ; 3) A modified 
Callan-Treiman relation was obtained which improved agreement with experi-

2 ment. In a subsequent paper it was shown that the Kemmer formulation of 
(K) Ke decay gives a Cabibbo angle 0 = 0.192 ± 0.016 which compares favor-

ably with the value 9VP' = 0.188 ± 0.006 obtained from 0 -» 0 B-decay. 
The Kemmer formulation of Ke_ decays thus removes a 207„ discrepancy be
tween e^and the conventional K-G angle 6 ^ = 0.235 ± 0.019. 

v v 

1. E. Fischbach, F. Iachello, A. Lande, M. M. Nieto, and C. K. Scott, 

Phys. Rev. Letters 26, 1200 (1971). 

2. E. Fischbach, M. M. Nieto, H. Primakoff, C. K. Scott, and J. Smith, 

submitted to Phys. Rev. Letters. 

9. James W. Meyer: 

The accurate predictions of quantum electrodynamics that can be experi-
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mentally measured have all been confined to very small photon densities. 

At large photon densities the majority of calculations have been made 

starting with a more or less phenomenological model. The scattering of 

a laser from an electron (Non-linear Compton Effect) has been calculated 

using quantum electrodynamics by Brown and Kibble but at present it is 

not experimentally possible to measure the predicted non-linear effects. 

If A is the amplitude for the vector potential of the laser beam, then 

the size of the non-linear effects depend on the dimensionless parameter 
2 2 2 
e A /m where m is the mass of the electron. For present day lasers 

-4 ■ 

this parameter is of the order of 10 . Besides the size of the effect, 

another experimental problem would be to find a suitable target in which 

the electrons would act as if they were free electrons in the presence 

of one or two electron volt photons. 

If instead of free electrons, bound electrons are used as a target, 

both of these difficulties can be overcome, but the calculations would be 

much more difficult. Not only are target gases containing bound electrons 

easy to obtain, the size of the non-linear effects are greatly increased. 

In an atom there is a new parameter the Bohr radius, a , available from 
2 2 2 

which the dimensionless parameter e a A can be constructed. This para-
4 2 2 2 

meter is about 10 times as large as e A /m so that this new parameter 

can be of the order of unity which could lead to sizable non-linear effects. 

Since the calculation of the behavior of an atom in the presence of a 
i 

large external laser field is a very complex problem, I have first calculated 
the scattering of a laser from a two level atom in order to understand the 

i 
mathematical difficulties in the simplest model possible. The model is fully 

relativistic and gauge invariant so that any effects arising from them will 
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be included, especially since the main effect that Brown and Kibble predict 

is the frequency shift of the scattered radiation and this effect arises 

from the relativistic Doppler shift. Another essential part of the model 

is the use of a wave-packet for the laser beam in order to impose the pro

per scattering boundary conditions. This procedure can be implemented by 
i 

using the two-time perturbation method as described in Reference 2. 
It is found that many non-linear effects should be observable if the , 

model is appropriate. The most striking effect is the change in the reson

ance frequency for third harmonic production as the intensity of the laser 

beam is increased. The resonance frequency for first harmonic production 

is also shifted but this is not readily visible since the width of the 

first harmonic resonance increases faster than the resonance frequency 

shifts. 

I have also looked at non-linear Compton scattering from a classical 

viewpoint in order to see if most of the interesting quantum effects also 

appear in the classical calculation. This work has resulted in the publi

cations "Rayleigh Scattering of a Laser Beam from a Massive Relativistic 
3 Two-Level-Atom and "Covariant Classical Motion of Electron in a Laser 

Beam." 

1. L. S. Brown and T. W. B. Kibble, Phys. Rev. 133, A705 (1964). 

2. J. D. Cole, Perturbation Methods in Applied Mathematics, (Blaisdell, 
i 

Waltham, Mass., 1968). 

3. J. W. Meyer, Phys. Rev. A3, 1431 (1971). 
j 

4. , j[. W. Meyer, Phys. Rev. D3, 621 (1971). 

i 

i | 

i 

! ! 
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10. Jose Katz: 

My main interest during the past year at Purdue has been the study 

of equal-time commutators with particular emphasis upon the -energy mo

mentum tensor and its intimate connection with scaling. In particular, 

we have derived the most general equal-time commutators involving the 

energy-momentum tensor which follow from general assumptions such as 

Lorentz invariance. These equal-time commutators were then employed to 

derive the algebraic relations which the generators of the broken confor-

mal group must satisfy. (Note that scale invariance cannot occur in 

nature since not all rest masses are zero). These ideas are then em

ployed to show that the dimension of the time and space components of 

the currents need not be the same. In particular, we have shown that 

whenever the dimensionality of the space component of the currents is 

different from 3 a term breaking scale invariance and not chiral invari

ance must be present in the Hamiltonian density of strong interactions. 

The consequences of scaling for tensor meson decays have also been dis

cussed. 

In addition I have also been interested in possibly modifications 

of current algebra in order to account for % <*» -1 in K.0 decays. We have 

shown that the ambiguity in soft pion limits suggest that the equal-time 

commutators between time and space components of currents should be modi

fied. A particular model for this modification was then presented and 

discussed in detail. Furthermore, the consequences for scaling of the 

presence of such extra terms was also discussed. 

In addition I have been interested in the study of models of SU(3) ® 

SU(3) symmetry breaking. The possible presence of a term breaking SU(3) ® 

i 
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SU(3) which transforms as an (8,8) was discussed. Experimental conse

quences of this assumption were then presented. It was found that such 

models of SU(3) ® SU(3) symmetry breaking are certainly not excluded. 

Finally, some calculations in pseudoscalar meson-baryon scattering 

were also carried out. In particular, the possible presence of a 2^-plet 
3+ of resonances in the -r partial wave amplitude was thoroughly discussed. 

Papers Completed: 

1. Derivation of Equal-Time Commutators Involving the Energy-Momentum 

Tensor and Applications; Phys. Rev. D2, 2225 (1970). 

2. Spectral Function Sum Rules and (8,8) Symmetry Breaking; Nuclear 

Physics B21, 333 (1970). 

3. On Current-Field Identities; Nuovo Cimento 70A, 1 (1970). 

4. Meson-Baryon Interactions with Broken SU(3) and the Baryon Spectrum 

in Relativistic Quantum Mechanics; Phys. Rev. D2, 2070 (1970). 

5. Fermions in a Field Theory of Currents; Nuovo Cimento 69A, 15 (1970). 

6. Lorentz Invariant Algebrization of Pion-Hadron Vertex Functions; 

Phys. Rev. D2, 1657 (1970). 

7. On Broken Conformal Invariance, Nuovo Cimento, to be published. 

8. Scaling Transformations and Current Algebra, Nuovo Cimento Letters 

4, 1103 (1970). 

9. P and F Wave Solutions of Relativistic Quantum Mechanics for Baryon 

Exchange with Cutoff, to be published. 

10. Comments on the Scaling Behavior of Currents, to be published. 

11. |Scale Symmetry Breaking and Scaling Properties of Currents, Phys. Rev., 

to be published. 
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12. Scaling Properties of Spin-— Operators; to be published. 

13. Ambiguity in Soft-Pion Limit and Time-Space Equal-Time Commutators 

of Currents, to be published (with M. Sugawara). 

14. Time-Space Equal-Time Commutators of Currents arid Scaling Properties 

of Current Divergences,-to be published. 

15. Behavior of Space Components of Currents under SU(3) ® SU(3) Trans

formations, to be published (with L. R. Ram Mohan). 

16. Derivation of SU(3) Universality for the Gravitational Vertex, its 

Consequences for Tensor Meson Couplings and Scaling Properties of 

Currents and their Divergences, to be published. 
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III. List of Publications: 

Of the thirty-nine publications listed below, the publications 

13 and 25 are among the more successful achievements. 

The publication 13 concerns a very significant question of whether 

the observed quantum numbers of boson resonances imply the existence of 

quarks. It is shown in this publication that, if a boson does not have 

the quantum numbers of quark-antiquark systems, this boson cannot interact 

with the spin—r- baryon in the usual manner, thus implying that the observed 

quantum numbers of bosons do not necessarily require quarks. 

The novelty of the publication 25 is the use of Kemmer formalism 

for spin-o fields to define the K.„ form factors, instead of Klein-Gordon 

formalism which is usually used. It is shown in this publication that 

the new form factors may be more useful in the sense that some of the 

theoretical difficulties encountered previously can be circumvented. 

1. Meson-Baryon Consistency Conditions from Duality, R. H. Capps, 

Phys. Rev. 2D, 2640 (1970). 

2. Possible Bootstrap Origin of Mathematical Quarks, R. H. Capps, 

Proceedings of Symposium on Hadron Spectroscopy, Balatonflired, 

Hungary, Sept. (1970). 

3. Implications of Duality for KN Resonances, R. H. Capps and V. V. 

Dixit, Phys. Letters 33B, 596 (1970). 

4. Mathematical Quarks from a Bootstrap Principle, R. H. Capps, Phys. 

Rev. to be published. 

5. Induction of Quark-Like Structure of Baryons, R. H. Capps, Phys. 

Rev. 2D, 780 (1970). 

6. Duality and the Non-Pomeranchuk Contributions to nN and KN Cross 

Sections, R. H. Capps and V. V. Dixit, Phys. Rev. 2D, 946 (1970). 
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7. Finite Transformations in Various Representations of SU(3), S. P. 

Rosen, Journal of Math. Phys. May (1971). 

8. Nonleptonic Decay and the Current-Current Theory, S. P. Rosen 

and S. Pakvasa, Fields and Quanta, June (1971). 

9. Baryon Pole Model for S-Wave Hyperon Decay, L. R. Ram Mohan, Phys. 

Rev. D2, 2101 (1970). 

10. Current Algebra and the Weak Radiative Decays of Hyperons, L. R. 

Ram Mohan, Phys. Rev. D3, 785 (1971). 

11. Photon Low-Energy Theorem and the Radiative Decays of the Q -Particle, 

L. R. Ram Mohan, Phys. Rev. D, May (1971). 

12. On Superconvergence and Algebraic Realizations of Chiral Symmetry, 

L. R. Ram Mohan and A. McDonald, Phys. Rev. D, (1971). 

13. Quantum Numbers of Nonstrange, Neutral Bosons, M. Sugawara, Phys. 

Rev. Letters 26, 1067 (1971). 

14. Decay Width of the Boson Resonances, C-E Lee, Phys. Rev. D, May 1 

Q971). 

15. Off-Mass-Shell Veneziano-Type Amplitudes and n, K Form Factors, 

A. Kanazawa and M. Haruyama, Phys. Rev. D, June 1 (1971). 

16. Off-Energy-Shell T-Matrix for Local Potentials with Singular Core 

Interactions II, Tensor and Coulomb Forces, Y. E. Kim and A. Tubis, 

Phys. Rev. C2, 2118'(1970). 

17. Extrapolation to the Limit of Singular Core Interactions in the Three 

Body Problem, Y. E. Kim and A. Tubis, submitted to Phys. Rev. 

18. Off-Mass-Shell Extrapolation for 7]-Meson Scattering, N. H. Fuchs, 

Phys. Rev. D3, 1514 (1971). 

19. A Model for Vector Meson Photoproduction at High Energy, N. H. Fuchs, 

Phys. Rev. D, June (1971). 
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20. Some Properties of a Hamiltonian Model of Broken SU(3) x SU(3) 

Symmetry II, T. K. Kuo, Phys. Rev. D2, 342 (1970). 

21. Interpretation of a Discrete Symmetry of SU(3) x SU(3), T. K. Kuo, 

Phys. Rev. D2, 1761 (1970). 

22. Broken SU(3) x SU(3) Symmetry, T. K. Kuo, Phys. Rev. D2, 2439 (1970). 

23. ParityViolating Internucleon Potential in Nuclear Reactions of the 

np System, E. Hadjimichael and E. Fischbach, Phys. Rev. D3, 755 (1971). 

24. Experimental Evidence From Parity Forbidden <y Decay for the Presence 

of Noncanceling Seagull and Schwinger Terms in Weak (Nucleon ♦ Nucleon 

+ VectorMeson) Amplitudes, W, K. Cheng, E. Fischbach, H. Primakoff, 

D. Tadic, and K. Trabert, Phys. Rev. D3, May 1, (1971). 

25. K.„ Form Factors and the Scaling Behavior of Spin0 Fields, E. Fischbach, 

F. Iachello, A. Lande, M. M. Nieto, and C. K. Scott, Phys. Rev. Letters 

26, 1200 (1971). 

26. Resolution of the Discrepancy in the Determination of the Cabibbo Angle 

9 form K.„ and Nuclear BDecays, E. Fischbach, M. M. Nieto, H. Primakoff, 

C. K. Scott, and J. Smith, submitted to Phys. Rev. Letters. 

27. Covariant Classical Motion of Electron in a Laser Beam, J. W. Meyer, 

Phys. Rev. D3, 621 (1971). 

28. Derivation of EqualTime Commutators Involving the EnergyMomentum 

Tensor and Applications, H. Genz and J. Katz, Phys. Rev. D2, 2225 (1970). 

29. Spectral Function Sum Rules and (8,8) Symmetry Breaking, H. Genz and 

J. Katz, Nuclear Physics B21, 333 (1970). 

30. On Current Field Identities, H. Genz and J. Katz, Nuovo Cimento 70A, 1 

(1970). 
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31. Meson-Baryon Interactions with Broken SU(3) and the Baryon Spectrum 

in Relativistic Quantum Mechanics, J. Katz and S. Wagner, Phys. Rev. 

D2, 2070 (1970). 

32. Fermions in a Field Theory of Currents, H. Genz and J. Katz, Nuovo 

Cimento 69A, 15 (1970). 

33. Lorentz Invariant Algebrization of Pion-Hadron Vertex Functions, J. Katz 

and M. Noga, Phys. Rev. D2, 1657 (1970). 

34. On Broken Conformal Invariance, J. Katz, Nuovo Cimento, to be published. 

35. Scaling Transformations and Current Algebra, H. Genz and J. Katz, 

Nuovo Cimento Letter 4, 1103 (1970). 

36s P and F Wave Solutions of Relativistic Quantum Mechanics for Baryon 

Exchange with Cut-off, J. Katz and S. Wagner, Nuovo Cimento Letters, 

to be published. 

37. Comments on the Scaling Behavior of Currents, J. Katz, Phys. Rev., to 

be published. 

38. Scale Symmetry Breaking and Scaling Properties of Currents, H. Genz 

and J. Katz, Phys. Rev., to be published. 

39. Time-Space Equal-Time Commutators, and Scaling Properties of Current 

Divergences, J. Katz, Phys. Rev., to be published. 


