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Percentages of Time Devoted to Project by Investigators

November 1, 1980 - October 31, 1981

Name %  of time Period

Professors N. H. Christ 100 3 summer months

G. Feinberg 100 3 summer months

H. M. Foley 100 1 summer month

R, Friedberg 100 2 summer months

T. D. lee 100 3 summer months

A. H, Mueller 100 3 summer months

Associate Professor E. J, Weinberg 100 3 summer months
30 9 academic months

Assistant Professors A. S„ Blaer 100 1 summer month

A. Duncan 100 3 summer months
30 7 academic months

S. Samuel 30 2 academic months

Research Associates M. Furman 100 12 months

N. Parsons 100 10 months

A. Temmo 100 2 months

Note: During the academic year, the average teaching load for our faculty members 

is one course. A considerable amount of research (in addition to that specified 

above) is performed by the several investigators during those nine months.
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Progress Report Professor N. H. Christ

The major part of Professor Christ's research during the past year has been de

voted to lattice gauge theory. In collaboration with Professors Friedberg and Lee 

the following results have been obtained:

a) A generalization of the " Viliian"-type action to non-Abelian gauge groups 

has been developed. (This exploits the solution to the diffusion equation on the 

group manifold.)

b) The equivalence between the Viliian U(l) lattice gauge theory and a non

compact Abelian gauge theory with monopoles has been generalized to relate a 

lattice gauge theory with gauge group G to a second gauge theory with group G 

and non-Abelian monopoles. Here G is the covering group of G and common 

terms in the character expansions of the two theories must agree.

c) A definition of a "random lattice" in n dimensions has been developed. The 

resulting lattice has greater rotational symmetry than the usual rectangular lattice 

and is a promising candidate for both numerical and analytical investigation. So far 

analytical results have been obtained for (i) various average properties (i.e. coordi

nation number, link length, etc.) of the lattice, (ii) the long distance, weak coupling 

limit of certain Green's functions and (iii) the strong coupling limit of the expecta

tion value of a Wilson loop. The latter, (iii), shows properties of a 11 roughened loop" 

suggesting that the "random lattice" may have a strong coupling limit that is more 

physical than in the usual rectilinear case.
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In collaboration with Dr. Ju-fei Tang and Professor Allan Blaer, Professor Christ 

has investigated the decay of a Yang-Mills dyon coupled to light charged fermions.

A simple formula has been derived relating the flux of emitted fermions to the scat

tering solutions to the Dirac equation in the dyon background. The consequences of 

the axial anomaly for this particle production are being derived and a paper describ

ing the results is in preparation.

Mr. William Goldstein, with Professor Christ's supervision, has developed fairly 

detailed models of CP violation arising in the vacuum expectation values of weak 

interaction theories with dynamical symmetry breaking (along the lines suggested by 

Eichten, Lane and Preskill). He is currently examining the physical implications of 

his models. Mr. James Sexton has wetl underway a thorough examination of theories 

of composite quarks and leptons and the constraints imposed upon them by anomalous 

conservation laws.



Progress Report Assistant Professor Anthony Duncan

For the past six months, Professor Duncon has been engaged in developing (in 

collaboration with Dr. M. Furman) a technique for Monte Carlo simulation of gauge 

theories with massless fermions, formulated on a discrete space-time lattice.

The main difficulty with the Monte Carlo approach in fermionic systems is just 

the implementation of the fermionic part of the path integral. This fermionic inte

gration is really a mnemonic for computing a large determinant. Accordingly, the 

first problem encountered is simply that of computing large determinants. For ex

ample, tn a 16x16 lattice formulation of the Schwinger model which they have 

studied extensively, the relevant quadratic form is 128 - dimensional and a direct 

computation of the determinant would be far too lengthy. The procedure they have 

introduced to avoid this keeps track of the inverse of the quadratic part (i.e. the 

fermion propagator in fixed external field) at each step and calculates the change 

in the determinant when a single link variable is updated using an exact formula.

As a check of their ideas, they have done a variety of computations with 12 x 12 

and 16 x 16 lattice versions of a two-flavor Schwinger model. Most of the calcu

lations have been done at (3 - 10 using the heat bath updating algorithm. They find 

convincing numerical evidence for the screening of the area law of the Wilson loop 

by the massless fermions. They also find good agreement between the chiral expecta

tion values < *j<(1 t ŷ ) *P(x) ^(1 - 'V(y) > measured on the lattice and the

known continuum behavior, although here edge effects limit the distance range over 

which a meaningful comparison can be made.



In the past year, the main direction of Professor Feinberg's research has been 

on the cosmological effects of massive neutrinos. If, as suggested by recent Rus

sian experiments, neutrinos have musses of 10 eV or more, then it is quite pos

sible that a large fraction of the energy density of the present Universe is in the 

form of the rest energy of cosmic neutrinos. In this case, the expansion of the 

Universe, its age, and the question of whether it is open or closed depend on the 

precise masses of neutrinos.

In a paper with J. Bernstein, published in Physics Letters, they analyzed the 

form of the connection between neutrino masses and the age of the Universe,

They found the allowed range of values for the sum of neutrino masses, given 

what is known about the age of the Universe and the Hubble constant. They also 

clarified the question of the energy and velocity to be presently expected for 

cosmic neutrinos, under the assumption that their mass Is ~ 10 eV .

Progress Report Professor G. Feinberg



Progress Report Professor H. M, Foley

The work on the application of optimized single-particle wave functions to 

atomic structure (Brueckner Model), previously described, has proven quite suc

cessful for ground states of the alkalis. Various technical and computational 

problems, which occur with excited states, are being overcome. This thesis prob

lem (Y. Lee) is well along and should be completed in some months.



Progress Report Professor R. Friedberg

In 1980-81 Professor Friedberg has worked with T. D. Lee and N. H. Christ on 

lattice gauge theories, They have written prograins to repeat the Monte Carlo 

simulations of Creutz and others, but their results are still incomplete. They have 

also studied random lattices. They find that with Wigner-Seitz linkage the plaquettes 

are all triangles and the volume is filled by tetrahedra in 3-space or 5-simplices in 

4-space. They have found an elegant rule for weighting the plaquettes so that lattice 

anisotropies are cancelled out of the action in the smallest possible local region.

They have calculated averages of various quantities (points placed completely at ran

dom, Wigner-Seitz linkage) in 2, 3 and 4 dimensions, reproducing ecrlier results for 

3 dimensions. They have considered ways of reducing the fluctuations of density for 

the purpose of finite lattice computer calculations.

Professor Friedberg has also worked with I, Indradev who is studying a 2-dimensional 

continuum limit of the classical anisotropic Heisenberg model as part of her thesis. They 

have studied the solution with homotopy number - 1, in the case where the poles are

f
constrained to be a distance D apart, much larger than the anisotropy scale. The con

straint is accomplished by a fictitious additional term in the energy density. The form 

of this term must be properly chosen; then the solution near each pole resembles that of 

Polyakov for the isotropic case, around this is a zone which must be integrated numer

ically, and the rest of the plane resembles the 2-vortex solution of the x - y model.

2
The energy is logarithmic in D , and they are calculating the first correction in 1/D .



Progress Report Research Associate M. Furman

During the past year Dr. Furman has been involved in two distinct projects.

1) The calculation of a first nonleading quantum chromodynamic correction to

the quark-quark scattering subprocess which contributes to the reaction hadron t

hadron jet i anything. In this process the "jet" is a set of any number of hadrons

of arbitrary quantum numbers, with the constraints that (a) the totaf energy (E) and

momentum (P ) of the hadrons be fixed and (b) that the momentum of any hadron

within the jet be contained within a core of half-angle 6 «  1 centered around 

— ¥
the direction of P . The calculation was done in the CMS system of the incoming

hadrons. The quark distribution functions for the incoming hadrons were defined

(beyond the leading orderVin terms of the structure function F„ of deep-inelastic
f £

scattering. The collinear singularities of the final state were shown to concel, as

3
they should. They found the cross section E dcr/d P to have corrections which are 

quite sensitive to the choice of the scale-breaking variable . Writing E da/ cPp

0  0 o O

~ A a (Q ) + Bo (Q ) i ••• , they found that, for jet production at 90° and 6 ~ 0.1 
s s

3 , 2  2
rad., the relative correction Ba^ /Aa^' was negative and large for the choice Q

2 3 2
= Py until very high energies. For example, Bas/ A o t is ~ 0.5 at <fS~ -  1000

GeV and ~ - 0.8 at /S~ - 27 GeV (where S $  total CMS energy of the incoming

? 2 2 2
hadrons). Qualitatively similar results were found for the choice Q  - 2 stu/(s >t t u ),

2 2
However, for the choice Q - s (CMS-energŷ  of the incoming quarks, the correction

was found to be quite small for most regions of phase space. For example, at 90° , the

3 2 ~~
correction Ba /A a  0.1 at <fT 27 GeV, and < 0.03 at J S ~ 1000 GeV 

s s ~
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fixed 2E//S : 0.6, the correction was found to be quite insensitive to the produc-

o o
tlon angle provided it was not close to 0 or 180 ,

The sensitivity of the correction to a nonleading off-diagonal gluon distribution

(which has not been computed} has not yet been studied, but will be soon. They

expect that the corrections will be quite insensitive to different reasonable choices

for this distribution, in analogy with a previous related calculation by fillis, Furman,

Haber and Hinchliffe.

The results are interesting because they are qualitatively different from those for

the process hadron \ hadron ♦ hadron * anything, in which the corrections were

2
found to be large and fairly Insensitive to the choice of Q , and because a recent 

calorimeter experiment for the process hadron h hadron jet anything (for a Jet 

with large 6> however) shows no "narrow jet structure" in the final state for /jT"

< 27 GeV. This may indicate that subprocesses other than quark + quark - jet 

t anything have large QCD corrections.

Their preliminary results were published in Physics Letters, and a nr re extensive 

discussion is now being written up, with a calculation which applies to a larger 

region of phase space.

2) The second project, in collaboration with Professor A. Duncan, has as a final 

objective non-perturbative calculations for QCD, especially at low energies. The 

method of calculation consists of placing the theory on a lattice (which svrves as an 

ultraviolet cut-off) in Euclidean space (for convenience of numerical evaluation). 

One then does numerical functional Integration by a Monte-Carlo simulation of the

(except a* the edges of phase-space, where 2E/>/!!r is ~ 0 or ^ 1), Also, for
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gauge fields. This method has been recently applied to pure gauge theories by 

M, Creutz and others. Dr. Furman and Dr. Duncan have taken the step of including 

(massless 1 fermions, for which they have devised an efficient algorithm to perform 

the functional integrals by computer. They have studied the Schwinger model (mass

less QED in two spacetime dimensions \ with two "flavors" of fermions, for which 

exact solutions are known. They have computed a chiral correlation function

< o '(x) o >  > where o ' (x̂  “F. ( U. y,./2)'I1. , i 1, 2, which is of interest
> “ J~ 1 J (

because it exhibits the dynamical breakdown of chiral symmetry in the model. Their 

results are consistent with the exact solution, within the statistical uncertainties of 

the method, but further extensions of their calculation are necessary Ohey have done 

calculations for a lattice of size 6 x 6). These results hove been submitted for pub

lication to Nuclear Physics,



Progress Report Professor T. D, Lee

During the past year Professor Lee's research has been in the following areas:

J. Quark Confinement

The idea of using the color dielectric constant to explain quark confinemen'

In QCD has been advanced by Professor Lee (Trans, N.Y, Acad, Sci, 40, 111 (1980)). 

Further details are being examined by using the new lattice gauge theory. (See Item 

3 below.)

2. Interaction betv. cen Heavy Quarks in QCD

Based on the results obtained recently (Christ and Lee, Phys,Rev, 22, 939 (1980'0, 

the present rules for Feynman diagrams in the Coulomb gauge have to be corrected. 

These corrections will lead to now interaction potentials between quarks which should 

have observable effects in ur>silon spectroscopy. They are being investigated with a 

student.

3. Random lattice QCD

At present, the most effective method of studying the infrared region of QCD 

is the lattice calculation. Yet that approach, as formulated by K, Wilson and pur

sued by many others, relies on a cubic lattice which violates Lorefttz and Po5ncar6 

'invariance, A new approach to lattice QCD hos been put forward by Professor Lee 

in which the latticc points are chosen randomly so that the result satisfies both ro

tational and translational invariance in four dimensions. This idea has been developed 

with the collaboration of Professors N. H. G  rist and R, Friedberg. It has led to, be

sides a different formulation of QCD, some new applications to other fields and, they 

hope, a deeper understanding of the quark confinement phenomenon.
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4. Jets and Correlations

A method of extracting properties of gluons through the use of correlation 

functions is being developed by Professors Lee and Mueller.

5, Radiative Corrections to Bag Models

Together with J. Breit, Professor Lee has applied the new Feynman rules of QCD 

inside a hodron (Phys.Rev. D19, 1802 (1979)) to derive radiative corrections to the 

bag (soliton' model of hadrons. This work is in its final stages of completion.



Progress Report Professor A. H. Mueller

Professor Moeller's main efforts in the past year have centered on QCD at 

high energies. The following pieces of work have been completed.

1) A review article on perturbative QCD has been completed for Physics 

Reports and should appear sometime this summer. A preprint (CU-TP-192) has 

been issued.

2) Professor Mueller has also become involved in calculations of the multi

plicity of produced particles in a jet. At present a calculation of the average

2 +  -
multiplicity, n(Q ) , in e e annihilation has been completed through three 

loops and a conjectured form given in the general case. The result is

This result is somewhat different than previous conjectures due to the inclusion

where C. 3 for QCD and b - . ■ ■ A ■ 
A 1 ̂ TT

33 - 2n

of non-planar graphs, A short version of this work has been issued as CU-TP-197.



Progress Report Dr. N. H. Parsons

Dr. Parsons has made some progress in his Investigations into the 1/N expansion 

in QCD.

The 1/N expansion is an expansion of QCD in powers of the reciprocal of the 

number of quark colors, 1/N , i.e. t/3 fs assumed to be sufficiently small to be a 

useful expansion parameter, 't Hooft demonstrated that such an expansion is equiva

lent to a grouping of the Feynman graphs according to their topology, e.g., the 

leading order in 1/N is given by summing all graphs with a planar topology.

Such an expansion is enticing for thy following reasons: (i) it may be easier to 

sum up the planar Feynman graphs than the complete set, (ii) hadrons interact in 

non-leading order in 1/N, so that to leading order the hadrons are pure states and 

their interaction parameter is 1/N, (iii) the Wilson loop area law test should be 

exact in the leading order in 1/N as production of quark-antiquark pairs (which 

provide additional screening) is suppressed by 1/N .

Arguments based on the 1/N expansion have been used to provide an explan

ation for Zweig's rule and have related in a qualitative way Regge pole phenomeno

logy to QCD. Also a possible resolution of the U(1) problem and of chiral symmetry 

breaking has been provided.

However, alt the quantitative information has been obtained from 1/N "selection

rules," and nobody has succeeded in summing up the planar Feynman graphs to all orders

2
in the coupling constant (= g N ) , but several tantalizing arguments have been made 

that, to leading order in 1/N , QCD may behave in some ways like a classical field
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theory. In particular Makeenko and Migdal have shown that for two Wilson loops 

Tr U(Cj) and Tr U(C 2 ) along closed curves and ^  respectively, the vacuum 

expectation values satisfy < Tr U( C.|) Tr U( C 2 ) > " < Tr U( C|) > < Tr U{ C^) > ,  to 

leading order in 1/N. This kind of behavior one would expect from a classical system, 

and suggests that in this limit one can replace the operator Tr U (C ) by < Tr U(C) >. 

Furthermore, Jevicki and coworkers have shown that in many field theories, with an N 

dimensional symmetry group, the leading order in 1/N can be calculated by solving 

the classical field equations, for invariant combinations of the fields, with dependent 

boundary conditions on the fields. Work by Witten suggests, also, that this large N 

limit can be determined by finding 0 classical "master field" (even for gauge dependent 

quantities).

Regulating the theory by using the Wilson lattice formulation, Or. Parsons has suc

ceeded in (i) discovering the equations satisfied by Wilton's "master field" in QCD,

(ii) writing down a solution to these equations and (m) obtaining an (incomplete) under

standing of the way in which the Schwinger-Dyson equations for a Wilson loop are satis

fied by the "master field" and its relationship to the Green's functions of the theory.

However, several difficulties still remain to be solved. First, the solution whi ch 

Dr, Parsons is able to write down is not rotationally invariant and is therefore not a 

good candidate for the "master" vacuum field and, secondly, it is not yet clear how 

the Schwinger-Dyson equations arc satisfied for self-intersecting Wilson loops. Work 

Is continuing on these problems.



Progress Report Associate Professor E. J. Weinberg

Professor Weinberg's research during the past year has been primarily concerned 

with using cosmology to gain insight into particle physics. The approach is based 

on the fact that the high temperatures attained in the veiy early universe (at least 

in the standard big bang model) provide a laboratory for studying energy regimes 

inaccessible to experiment, including in particular those energies characteristic 

of grand unified gauge theories. These theories predict that as the universe cooled 

it went through a series of phases, corresponding to different choices of symmetry 

breaking. In collaboration with Alan Guth, Professor Weinberg has been investi

gating the possbility that some of the phase transitions wtre first-order. Of par

ticular interest is the case of a first-order transition in which bubble nucleation is 

slow relative to the expansion of the universe. If this occurs the universe enters 

a period of extreme supercooling; it has been suggested that this might provide a 

mechanism for avoiding the production of excess superheuvy magnetic monopoles 

as well as solving the horizon and flatness problems of cosmology. However, this 

scenario is acceptable only if the present universe could have developed out of 

the supercooled state. They show that although the new phase asymptotically fills 

space it never percolates; it is therefore necessary to consider whether the observed 

universe could evolve from either a single bubble or a finite cluster of bubbles.

In the former case the main obstacle is achieving sufficient recovery from the super

cooling in the interior of the bubble. In the "thin wall approximation" the latent 

heat of transition is stored in the bubble walls; until the bubble collides with another



bubble its interior remains a pure vacuum. They study various corrections to this 

approximation and show that while these lead to a nonzero energy density in the 

bubble interior, it is still far too small. By contrast, bubble collisions release the 

energy in the wo!Is, so that within a bubble cluster there are regions of sufficiently 

high energy density. They show however that these regions are not suitable 'Tor ob

taining the present universe because they do not have the observed isotropy and 

homogeneity nor do they have sufficient entropy. They argue therefore that a slow 

first-order phase transition of this type must not have occurred; this then allows one 

to obtain constraints on the parameter in various grand unified theories. A paper 

dealing with the SU  ̂ theory has been published in Physical Review D and a more 

general paper is in preparation.


