
*.,

,                1, l

'.             ..1
3

4 .-

SYRACUSE UNIVERSITY                                
IX

Progress Report on
4

':1

"RESEARCH PROGRAM IN ELEMENTARY PARTICLE THEORY"

Supported by

U. S. Energy Research and Development Administration

Under Contract No. EY-76-S-02-3533

and by

Syracuse University

For the period ending June 30, 197, 

--- -- --7
NOTICEThis report Was prepared as an account of worksponsored by the United State Government. Neither   ithe United States nor the United States EnergyRegatch and Development Administrstion, nor any of

0/4/ 1 Subcontractors, 0, Ihei, employees, makes any
their employees, nor eny of their contractors,

warranty, express or implied, or assumes any legal
J liability or responsibility for the accuracy, completenesor usefulness of any information, apparatus, product or    1process disclosed, or npresents that its w

would not    infringe privately owned rights. WASS
J

4

., -

.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED    ·

S\



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



. '

.:

·.··*..

....#*

'-

1/

.

...  .--*. . .1
'

7.' , D.



-1-

f           .2
&.

. PREAMBLE

The High Energy Theory Group at Syracuse has had a very

stimulating and productive year.  A great deal of progress has

been achieved in some long standing projects.  Significant contri-

butions have also been made in the area generally called "New

Physics", the physics associated with J/0 particles and the newly

discovered charmed particles.                        "
+ 0Thus a possible new contributionl to D--D. mass-difference,

a new scheme to classify heavy leptons and the resulting decay

2
patterns were studied. The study of charmed particle decay modes

using vector dominance model and current algebra techniques was
3                     P 3+continued. Masses for the J =T  charmed baryons using dispersion

4theoretic techniques were calculated. The electromagnetic form

5.6
factors of the new particles were investigated. '   The puzzling

aspects of the mass spectrum of the pseudoscalar mesons were clari-

fied within the framework of a new effective strong interaction

Lagrangian;7 extension of this Lagrangian to SU(4) symmetry is

12 currently under investigation.  An estimate of the pseudoscalar
8

9        decay constant using a bound quark model was given. The S-matrix

topological approach to strong interaction was shown to give satis-

factory results for the intercepts and the slopes of the meson
9

trajectories. A rigorous approach to path integral formulations
the                      -

: and the possible elimination of/zero-point mode difficulty in

10
standard formulations was suggested. Semi-classical methods in
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the case of arbitrary time-dependent Hamiltonian systems were

11
studied. Interesting features in monopole-charge scattering

were pointed out. The description of the interaction of classical12

13
r           test particles in non-Abelian gauge theories was given   and
"                                                                     14

possible resonances in an SU(2) gauge theory were discussed.

The nature of gauge vacua and the role of the conformal group was

15clarified. Finally, the static finite energy solutions repre-
16.17senting monopoles in non-Abelian models were investigated.

Besides these research accomplishments which are discussed in

more detail  in the following pages, members  of the group attended

topical national and international meetings, visited other insti-

tutions to give seminars and colloquia. Theorists from other

institutions were invited to give seminars and colloquia concerning

their work.

Balachandran has been on sabbatical leave for the past year.

He has visited a number of institutions in Europe and India, giving

seminars and lectures.  Dan Knight completed successfully his Ph.D.

-        requirements last December and George Campbell will be taking his

orals this month.
:

1.
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RESEARCH REPORT

It has been a very exciting year for the Syracuse High Energy

Group.  The 'new physics' which began with the discovery of the

J/* particles continues to dominate the interests of several members

"         of the group. The experimental confirmation of the existence of

charmed particles raises many new problems and provides a testing
.

ground for the standard theories.  Our group has contributed signi-

ficantly to a better understanding of several aspects of the new

phenomena.  It has also made a great deal of progress in some other

long standing projects, providing new insights and opening new lines

of investigation.  In what follows we shall describe briefly and

qualitatively the main results of these research efforts.

I. New Particles
+

a) D--D' Mass Difference

The mass difference between the charged and the neutral D-mesons

possessing the new quantum number charm provides a very important

ingredient in the understanding of their decay phenomenology.

There are several published estimates ranging from 6 to 15 Mev.

It is generally assumed that the above mass splitting arises in part

from a mass difference between u and d quarks. and in part from one

photon "Coulomb" contributions. Borchardt, Kandaswamy, Schechter,

and Singer (at Wisconsin), have pointed outl that there is another

, contribution which arises because of the asymmetric SU(2) vacuum.

This latter asymmetry, is caused by the unified weak-electromagnetic

interaction and is expected from Coleman's theorem "Symmetry of the
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Vacuum  is the Symmetry  o f the World". Borchardt et al., have

shown that the sign of this contribution is such as to reduce the

currently estimated mass difference. A one or two Mev mass differ-

ence becomes more reasonable according to their arguments.

b) The Heavy Lepton and Unified Weak-EM Gauge Schemes

The probable existence of a new charged heavy lepton (Perl

particle) has made it very interesting to look at lepton gauge

models with higher symmetry.  Kandaswamy and Schechter2 have

investigated the possibility that the Perl particle together with

the usual leptons and some new ones constitute a left and a right

handed octet representation of an SU(3) group.  This leads to a

different pattern of interactions for the new particles compared

to the one in the standard SU(2)mU(1) gauge theory. In particular

it turns out that the heavy lepton decays preferentially into

muons and neutrinos rather than electrons and neutrinos. This

also means that in the e'e- annihilation experiments, there should

+ -be more V u  pairs than e e- pairs after an appropriate subtraction

of the background.  They also discuss in this paper the hadron

sector of the theory and neutral current interactions.

c) Decay Modes of Charmed Particles

Borchardt (along with Mathur and Goto of Rochester) has been
4

involved in an extensive program to calculate the decay modes of

the charmed particles by generalizing the Vector-Meson-Dominance

(VMD) suggested by Sakurai and used successfully in explaining
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non-leptonic K-meson and hyperon decays.  In their analysis3 they

have used VMD and current algebra techniques which have proved

very successful in understanding the weak decays of uncharmed

hadrons.  As such, their results should be very useful not only in

understanding the decay modes of the new particles but also they

should serve as an important test of the old methods in the high

mass region of charm.

d) Masses of Charmed Baryons in Broken SU(4) Symmetry

One of the striking successes of the SU(3) symmetry has been

P 3+
the existence of a decuplet of J =I resonances.  In the corres-

ponding SU(4) symmetry scheme, the decuplet becomes a 20-plet of

resonances. In addition to the ten strangeness zero resonant states,

one has ten additional charmed baryons.  Assuming a simple type

of symmetry breaking, various authors have predicted masses for

these baryons.  However, to get a better insight into the symmetry

breaking as well as possible decays of these new baryons, one needs

dynamics.  Towards this end, Campbell has calculated4 the masses

-        and the total widths of these new states using a dispersion-theoretic

N/D method, which, in the past, has proved very successful in explain-

ing the existence of the decuplet starting from meson and baryon

octets. His results show that the old·methods work quite well

when  charm is incorporated and should provide a good guide in the

,       experimental search for the new baryons.

e) Electro-magnetic Form Factors of Charmed Mesons; Anomalous
Production of D* Mesons

1
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Park (in collaboration with P.Cox and A.Yildiz at Harvard

University) has studieds the electromagnetic form factors of the

newly discovered charmed mesons, which govern their production

in e e- colliding beam experiments.  They use a light quark exchange

model, which simulates the breakdown of the gluon-string between a

charmed quark pair and provides a way to incorporate the kinematic

(phase space) and dynamic (charmed meson form factor) nature of

the process. It gives the DeRujula-Georgi-Glashow ratio DD : D*D +

+DD* : D*0* = 1:4:7 as a kinematic limit with mD=mD* and all the

moments neglected.

In view of this model, the  anomalous production of D*5* near

the threshold energy indicates that D* either has an  anomalously

large magnetic dipole moment or an electric quadrupole moment.

Subsequently, they also have worked on an alternate explanation6

of the  anomalous production; they assume that the charmed mesons

in the·final state interact forming a molecular state.  They have

"'         calculated the possible spectrum of such molecular states in an

approximation in which the interaction is a linear potential with

an effective mass as a paramter.

II. Symmetry Breaking and the Pseudoscalar Mass Spectrum

An immediate but still not completely solved problem is the

calculation or even interrelation of the pseudoscalar masses

starting from a dynamical quark model. Even before the charmed

particles were discovered the current algebra approach, which
-

b
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provided semi-rigorous constraints on the masses and decay constants

had a difficulty.  This is the U(1) problem.  Based on a) analogy

to the SU(3) sigma model which has no U(1) problem because it

contains a U(3)xU(3) symmetry breaking term transforming differ-
ently from the quark mass terms, b) new work on the dynamical

symmetry breaking of the vacuum based on the 'instanton solutions

of SU(2) gauge theories, Mirelli and Schechter have postulated7 an

effective strong interaction quark Ligrangian which avoids the U(1)

problem. It leads to a satisfactory solution for pseudoscalar

masses and includes the results of the sigma model as a special

case. There is the new parameter which is in principle calculable

from a fundamental gauge theory.

Kandaswamy, Schechter and Singer (at the University of Wisconsin,

Madison) are currently investigating the extension of this to

SU(4) (including the charmed quark). In this case the sigma model    -

solutions, though roughly reasonable, give  too large a value for

m(D),for example. Thus the added freedom to choose decay constants

in the current algebra approach based on the new effective Lagrangian

is useful. Unfortunately there is too much freedom so -they-were ·led

to investigate methods of computing some of the decay constants

which enter as input.  It turns out that, with reasonable assump-

tions,  only the "paracharmonium" decay €onstant is required. They
'S

used a nuclear-physics type model to comoute this in terms of the

8

universal Regge slope a'. and found an answer about (1.7 to 2)F .

62-- .
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It was noted that, despite the method of calculation, there was

no a priori incompatibility with PCAC. Tliis raises the possibility

that PCAC my be actually realized in a new manner for heavy

pseudoscalar bosons.

III. S-Matrix Topological Approach to Strong Interactions

Rosenzweig (along with Chew at LBL, California) has continued

his research into various aspects of Dual Unitarity or S-matrix

Topological Approaches to Strong Interactions. By incorporating

both I=0 and I=1 mesons in their scheme, they have been able to

provide an understanding of the complete pattern of exchange
9

degeneracy and its breaking . Their main result  is the prediction

of reasonable values for the intercepts a (0)-aA2(0) and the slopes

-   a (0)-al (01.  This implies that starting with a model with perfect

exchange degeneracy, the observed discrepancies in the intercept

and slope parameters can be calculated. One of the major problems

in this approach is that of how to include baryons. Rosenzweig is

currently working on this problem and he has some ideas concerning

how exotic mesons may relax some of the stringent duality constraints

and lead to a more reasonable spectrum for the baryons.  He has

also worked on the systemactics of Zweig rule violations and the

interrelationships between various theoretical approaches.

IV. Path Integral Method; Quantization o f S o l i tons

It is generally believed that the perturbation expansion using

naive path integral method fails in the quantization of solitons



-9-

because of the so-called "zero-mode problem". The problem origi-

nates from the degeneracy of the ground state of the system with

respect to transformations of some basic symmetries, like the

translational invariance. This results in the appearance. of a

zero frequency eigenfunction of the matrix operator in the second

2     1-
variation, 6 A=-T 0 M. B08.  Thus, for those variations which areau

proportional to the zero frequency eigenfunctions, the action does

not provide the necessary damping and the path integral for the

vacuum-to-vacuum amplitude diverges.  Usually the inverse of the

matrix M plays the important role of a Feynman propagator in the

perturbation expansion. The existence of the zero mode solutions

therefore, implies that M is singular and the propagator has an

infrared divergence problem.

To deal with the zero mode problem, the collective coordinate

method has been proposed by Gervais, Sakita and Jevicki. In their

method, the center of mass coordinate is introduced into the path

integral expression as a new dynamical variable.  The degree of

freedom associated with the zero frequency mode is eliminated

through a 6-function gauge condition. However, the transformation

involved is non-linear and as a consequence a very complicated

effective Hamiltonian emerges.

Recently, Chang has initiated a different schemell to deal

with the zero mode problem in quantizing solitons.  He has observed

that the widely accepted procedure of integrating the path integral
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for field theories is not rigorous and inconsistent with the

rigorous definition of the functional integral.  Especially, one
1- -

should not integrate by parts to obtain    - *aMaB" B
for the action

functional in the path integral.  The paths involved in the func-

tional integral are piecewise linear and resemble the trajectories

-         of a particle undergoing Brownian motion.  Before taking the func-

tional limit, the Brownian type path cannot be expressed as a

linear combination of finite number of eigenfunctions of the

operator M. The zero mode problem is actually created by the

widely accepted, non-rigorous procedure of handling the path

integral. Using a more careful treatment, Chang has found that

there is no singularity associated with the zero mode solution in

the vacuum-to-vacuum transition amplitude.  Without using the

collective coordinate method, the propagator Chang has obtained is

free of the zero mode singularities and agrees essentially with

that proposed by Faddeev and Korepin.

V. Semiclassical Methods

Recently, there has been a great deal of interest in the

derivati6n of semiclassical approximations from the path integral

approach to quantum mechanics. A reason for the interest in the

semiclassical approach is that it provides a means to quantize

about known solutions of classical non-linear equations of motion.

The development of this approximation from the path integral is

motivated by the fact that the latter lends itself more easily to
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field theoretic generalizations. The alternative, but equivalent,

approach based on the Schrodinger equation seems more awkward to

adapt to field theory.

Previous quantum mechanical semiclassical functional methods

have dealt almost exclusively with Hamiltonians of the form

;2/2m+V(Z) ' that is, with particles moving in a potential.  Balachandran:

Ramachandran and Rupertsberger have generalized these methods to

11arbitrary time-independent Hamiltonian systems with no constraints

VI. Charge and Magnetic Monopole Scattering

An outstanding problem in the quantum mechanics of a charged

particle in interaction with a Coulomb-like magnetic field is the

development of an approximation scheme which is suitable for

generalization to a field theoretic context. Perturbation theory

is not useful for this system. It violates rotational invariance

to any finite order due to the presence of the Dirac string in the

Hamiltonian.  Further the parameter characterizing the strength

of the interaction is large due to the Dirac-Schwinger quantization

condition. Previously, K.W.Ford and J.A.Wheeler have applied the

JWRB approximation to this system. Their approach relies on the

partial-wave expansion of the scattering amplitude and assumes also

that the angular momenta which are important are large.  Such a

technique based on partial-wave expansions does not seem well

adapted to field theoretic generalizations, in particular, since

the partial-wave expansion for this system is actually divergent.

Balachandran, Borchardt, Cahalan, Chang, Ramachandran, Rupertsberger
h.

and Stern have developed a JWKB approximation for this system which
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avoids partial-wave expansion. Its rotational invariance is

proved.  The following two striking features of the system are

pointed out: a) the JWKB cross section approaches the classical

cross section rather slowly for a wave range of scattering angles

when the Dirac-Schwinger quantization number gets large, or equiv-

alently when K becomes small with the product of the electric and

magnetic charges held fixed;  b) the regularized helicity amplitude

    has unusual singularities for scattering in the backward direction.

It also exhibits other novel non-analytic features in the scattering

angle. The relevance of these features to the Polyakov-'t Hooft

monopole solution is pointed out.

VII. Yang-Mills Particles in a Yang-Mills Field

Despite the recent interest in gauge theories, a system which

has been poorly studied is that of a Yang-Mills particle in inter- '

action with a Yang-Mills gauge field. This is the non-Abelian

analogue of the familiar system composed of a charged particle in

interaction with the electromagnetic field.  Wong has written down

the non-Abelian ahalogues of the Lorentz force and Maxwell equations.

By introducing a new type of classical internal variable, Balachandran,

13
Salomonson, Skagerstam and Winnberg have obtained classical

Lagrangiank which in general describe a tower of Wong particles.

Conventional and supersymmetric particles have been treated, with

and without the inclusion of ordinary spin for the particle.  The

Lagrangians have been quantized following Dirac's procedure.  The

physical interpretation of the system has been discussed.  The
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decomposition of the tower into irreducible subspaces of the

internal symmetry group has been investigated.

VII. Gauge Vacua

Recently there have been many papers which deal with the

degeneracy of classical gauge vacua, and the removal of this

degeneracy in quantum mechanics due to the tunnelling mechanism.

A critical assumption in all these papers is that the space-like

hypersurfaces are to be treated as compact.  Thus the space-like

hypersurfaces in ordinary Minkowski space are compactified in
3these papers to the three sphere S .  Such an assumption has not

been justified in the literature.  Now, it is well known that the

"free" Yang-Mills theory and the vacuum sector of the interacting

Yang-Mills theory are formally invariant under the conformal

group in the absence of the Higgs type mechanisms. However, this

group does not act properly on Minkowski space.  The latter has

to be changed to a new manifold by the addition of "points at

infinity" to have such a proper action. Balachandran, Din, Nilsson

and Rupertsberger have shown that space-like surfaces on this
15

-         new manifold do indeed have the topology assumed in the literature.

The meaning of a physical observable and of gauge invariance in

classical theories has also been studied in this work.  It has been

shownthat the physical observables are required to be invariant

only under the component of the identity G  of the full gauge

group G.  Thus, if G/GQ is· non-trivial, it will act much like an



-14-

internal symmetry group on the physical observables.  The relevance

of this result to the phenomenon of degeneracy of classical gauge

vacua is pointed out.

IX. Monopole Solutions in Non-Abelian Gauge Models

Non-Abelian gauge theories of the Yang-Mills type have created

a great deal of interest recently, as possible candidates for

unified theory of strong, weak and electromagnetic interactions.

While the full quantum field aspects of such theories are still

far from being thoroughly understood, classical solutions to the

nonlinear field equations have proved to be quite interesting.

't Hooft and Polyakov have found a static, finite energy solution

in a non-Abelian model consisting of a triplet of isovector gauge

mesons and a triplet of isovector Higgs mesons with interactions

invariant under local gauge group SO(3).  The solution has the

very interesting feature that it can be thought of as corresponding

to a magnetic monopole with magnetic charge of strength (4 /e)

consistent with the famous Dirac quantization condition.  Wali
16 17

(along with Michel and O'Raifeartaigh) has generalized
' this

model by considering an arbitrary compact group G.  The conditions

imposed on the model due to finiteness of energy are fully explored.

By making a very plausible hypothesis according to which the

radial dependence of the fields is factorized, the above authors

have been able to separate the angular equations and the radial

equations of the nonlinear system.  Further they have been able
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to solve the angular equations completely and show that the gauge

fields vanish outside a fixed SO(3) subgroup of G 'and that inside

the SO(3) they reduce to the 't Hooft-Polyakov solution with

unit magnetic charge, the Higgs field in this model can belong to

any arbitrary representation. The static Hamiltonian exhibits a

-          mass formula, the lowest mass of the system corresponding to that

of the lowest, namely, adjoint representation of SO(3) for both

the gauge and the Higgs fields.

X. Concluding Remarks

We have attempted to summarize briefly the main areas of

research and some of the results. Various members of the group

have been interested from time to time on other areas and through

seminars and journal clubs have kept themselves abreast of all

the important developments.
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The Structure of Gauge Vacua. November 5, 1976.

5. Universita di Salerno, Salerno, Italy
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10. Indian Institut
e of Technology, Ka

npur, India

An Introduction to 
Topological Concept

s in Field Theory.

Colloquium, January
 4, 1977.

11. University of M
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.
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