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Introducti0_

This report includes descriptions of the combined work of both Tasks

B and B1 at Rockefeller University. Professor Dolan, who is now at Chapel

Hill, will report independently from her new institution

Some highlights are worth stressing in this brief introduction.

First, one should note the active involvement of two members of our group,

Ren and Callaway, in understanding the problem of superconductivity, both

high and low Tc . This reflects the broad reach of many, but perhaps not

all, particle physicists. Second, spurred by theRo_kefeller environment,

some in our group are also looking at problems in biology, see the reports

of Evans and Callaway.

As for our main purpose, I would like to single out the results of

Sanda and Morozumi on the AI=I/2 rule, the work of Bitar, Ren, and myself on

a new approach to the path integral, S.Y. Pi's results on Chern-Simons non-

relativistic quantum mechanics, and finally the work by Lee and

collaborators on the origin of Fermion masses and mixing.

I. DavidJ,_.cal1_way

I) Triviality and the Standard Model.

Considerable evidence has accumulated which suggests that pure

scalar field theory is "trivial" or noninteracting in four spacetime

dimensions (for a review, see my 1988 Physics Report). In the standard

model of the weak interactions, such interactions are necessary in order to

generate masses for the W and Z gauge particles. Thus a reasonable question

to ask is whether the full standard model is "trivial" or not. Probably the

best way to ask this question is to develop and apply Monte Carlo

Renormalization Group techniques to a lattice ver_lon of the theory. The

results of a complete study of the model using these techniques would likely

]ead to results of phenomenologlcal importance, such as a bounded or

predictable Higgs mass. Over the past several years I have been working on
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this problem, partly in collaboration with Roberto Petronzio (Rome II).

Presently, we are developing techniques for analyzing tricritical behavior

in lattice theories, using as practice problems the known critical behavior

of two-dimensional conformal field theories. This project at various stages

requires large-scalar computing.

2. Superconductors.

The problem of magnetic flux penetration in Type I superconductors

was originally addressed by Landau (1937). His model is presently a part of

most textbooks on the subject. In two recent papers, I showed that whereas

Landau's model was somewhat correct qualitatively, it was inconsistent with

the Cinzburg-Landau equations (and thus BCS superconductivity) in its

specifics. The mathematics of the problemwhen correctly formulated are

reminiscent of the quantum Hall effect and recent models of anyon

superconductivity. Moreover it allows one to study the statistical

mechsnics of multivortex systems, a field which is largely in its infancy.

18
This project at various stages requires large-scale computing°

3. Protein folding.

This is one of the most important problems in biomedical science

today. Simply stated, the problem is: Given a long chain of molecules and

their interactions, predict the shape that the resultant protein will fold

into. I am formulating the problem on a three-dimenslonal lattice, which

might make the solution approachable by large-scale computers.

II. Hark _vans

My work in particle physics over the past year can be divided into

three categories: some remarks on the cosmological constant problem (and its

relationship to the dimensionality of space-time), deformations of conformal

field theories and the symmetry structure of string theory, and an approach

to the construction of hyperkahler geometries. Although superfically

distinct, I believe there are deep connections between these three topics.
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In addition, I have done work on the theory of electron transfer in

biological systems.

lt is a problem of long standing that the cosmological constant is

at least some one hundred and twenty orders of magnitude smaller than its

natural value, and no fully compelling argument has been put forward to

explain why this is so. lt has also come to be realized in recent years

(with the advent of string and Kaluza-Klein theories) that we also need to

explain why our universe is four dimensional. In some sense, these problems

are connected, because a (positive) cosmological constant tends to cause

space-tlme dimensions to compactlfy (formlng a sphere_ for example). Some

years ago, Heinz Pagels proposed a symmetry that would forbid the

cosmological constant, and so naturally explain its vanishing. I have

generalized his approach (which was purely four dimensional) and have shown

that there is such a symmetry in every dimension, but that it is a different

symmetry in each dimension. %%Is then gives a possible explanation not only

for the vanishing of the cosmological constant, but also for the

dlmenslonallty of space_tlme. There are some tantalizing hints that such a

symmetry may be realized in string theory, giving the possibility that the

(non-compact) dimension of space-tlme may be computable in that theory.

This naturally leads to the next topic on which I have worked, that

of the symmetry structure of string theory. String theory is conventionally

formulated in a way that hides its symmetry. We are not given an action to

work with, but rather rules for calculating S-matrix amplitudes. The

problem of finding the symmetries of the theory has justly been compared to

finding SU(2)xU(1) gauge invariance given invariance given the standard

model's Feynman rules. In earlier work, in collaboration with B. Ovrut, I

developed an approach to this problem, based on finding physically

indistinguishable solutions to the equations of motion (i.e. isomorphic

conformal field theories, since a solution to the string equations of motion

is a conformal field theory). Uing this approach we could demonstrate the
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well known gauge invarlances of massless bosonlc string states together with

an infinite number of spontaneously broken gauge (super-> symmetries that

mix particles at different mass levels of the string. The fields of string

theory all seem to be gauge bosons, almost all of which have acquired mass

through the Higgs mechanism. The condensate which spontaneously breaks the

symmetry is the metric for space-time, and it can be argued that a phase of

the theory in which none of these symmetries is broken corresponds to a two-

dimensional topological field theory. Encouraging though this progress is,

there is much that remains to be understood. I have certainly not

understood all the gauge symmetries, since the transformations that I do

understand preserve a kind of harmonic gauge condition. This is not a

serious drawback for the unbroken symmetries, but excludes the global

transformations in the case of the broken higher symmetries. Since it is

the global symmetries that determine the algebra and give us relations

between S-matrlx elements and coupling constants, it is important to

understand a larger set of symmetries than I do at present. With I.

Giannakls (a graduate student here) I have shown that the general formalism

is sufficiently flexible to prove the existence of all the conventional

unbroken gauge symmetries, and there is everyreason to believe that the

same is true for the higher symmetries We also discovered that, contrary

to popular belief, it is possible that string theory possesses free

parameters (perhaps akin to a gravitational version of the theta angle of

QCD) which appear in the llnearlzed equations of motion of the antlsymmetrlc

tensor field.

Hyperkahler gecmetry is a very beautiful area of differential

geometry that appears in a variety of guises in physics, from string theory

to relativity to the scattering theory of monopoles. It is the most

interesting generalization of complex differential geometry (usually called

Kahler geometry) to the quBternlons (which are familiar to physicists as the

Pauli matrices). In Kahler geometry one must give a rule (called a complex



structure) for "multiplying vectors by i", and, correspondingly, in the

hyperkahler case, one _must specify a quaternlonlc structure, which is a rule

for "multiplying vectors by the three Pauli matrices." In the Kahler case,

ali complex structures are locally the same, and do not determine the local

geometry. However, in the hyperkahler case, quaternionic structures carry

local information, and, as I showed in a paper with B. Ovrut, determine the

geometry essentially uniquely. The problem of constructing hyperkahler

geometries thus reduced to the problem of constructing quaternlonlc

structures. In collaboration with F. Gursey and V. Oglevetsky, I have

addressed this problem using a technique related to harmonic superspace and

twistors. I am hopeful that the approach will result in a complete local

solution to the problem. Quite remarkably, I have observed that the

mathematical structure of hyperkahler geometry seems to arise in the problem

of understanding the deformation of conformal fleld theories, which in turn

gives the equations of motion of string theory, and plays a crucial role in

my attempts to understand the symmetries of that theory.

Finally, I have been talking with J. Delaney, a graduate student in

biophysics here at Rockefeller, on various topics relating to electron

transfer in biological systems (for example in photosynthesis), lt hasbeen

observed that there is a surprisingly strong dependence of electron transfer

rates in certain _ molecules on the solute in which these molecules are

dissolved. Our proposed explanation of this fact is that the electron

transfers by tunnelling, and that the fact that tunnelling rates depend

exponentially on the energy of the donor state means that modest changes in

this energy (as a result of changing the solute) can lead to dramatic

changes in transfer rates. This is particularly true, given that the

electron typically has a large distance to tunnel, lt appears that the

general theory of this type of reaction is rather unsatisfactory, and we are

discussing an approach to rectifying this problem.
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I maintain an interest in other topics on which I have worked in the

past, such as coherent quantum field theory ( and its application to the

early universe), and. especially, the possibility that cosmic ray anomalies

are associated with processes that violate baryon and lepton number

conservation ' However, I have no significant progress to report on these

topics in the last year.

xr, _.N. Khuri

1.) Path Integrals and Voronin's Theorem (work in collaboration with

K. Bitar and H.C. Ren)

A new approach to Feynman path integrals in quantum theory was

proposed and examined. The method is based on a theorem of Voronin which

shows that the Riemann Zeta function has certain remarkable universality

properties. Any continuous function on a finite integral can be well

approximated by a zeta function, _(s), where s varies along a line in the

strip ½<Res<l. Once such a line is found, there are an infinite
critical

set of parallel li_es of increasing imaginary parts along which the same

function is also well approximated by _(s+in_), where n is some positive

integer and A a fixed real positive number. Starting with the case of

quantum emchanics, i.e. a one dimensional quantum field theory, we use this

idea and define each path as the imaginary (or real) part of [(s+iruA), and

map the llne in the s-plane onto the Euclidean time interval, OSx SL. Theo

sum over paths is now replaced by the sum over the integer n, but in

addition to the factor exp(-S(n)), S(n)= action of n'th path, one has to

introduce a density function p(n), which effectively counts the number of

identical paths and thus acts as a Jacobian. The partition function is then

C&= _ (exp(-S(n)))/p(n).
n

For this formula to have any use the measure, p(n), has to have some

simplifying properties.



Using the "Connection Machine" at the SCRI in Tallahas_ee we were

able to make an exhaustive study of p(n). Within a short computing time one

is easily able to generate several million "paths", their actions, and p(n)

for each. lt turns out that p(n) has some very simple and remarkable

properties which make the method potentially useful both from the practical

and formal points of view. We checked the new formula for simple

Hamiltonians in quantum mechanics and the results are extremely

18
encouraging.

In order to apply this method to quantum field theory in four-

dimensions, Voronin's original theorem has to be generalized. I have

tackled this problem and a paper on this subject should be ready before the

end of the year.

2.) Inverse Scattering

Inverse Scattering represents one of the most fruitful areas of

interaction between mathematics and physics that has surfaced during the

post war area. Independent of the traditional methods of inverse scattering

which follow the seminal work of Gelfand, Levitan, and Marchenko, we have

had for many years a method due to A. Martin. This method resulted from the

time when particle physicists were interested in S-matrlx theory and for

that purpose studied scattering by potentials which were superposltions of

Yukawa potentials.

In a recent paper I explored the relationship between the Martin

method and the traditional ones. This led to an explicit solution of

Martin's inverse scattering method. This result follows from the Marchenko

equation, which we show is exactly solvable for the Yukawian class of S-

matrices which have cut plane analytlclty. Explicit expressions for the

6
Jost solutions in terms of the dlscontlnulty of S(k) were also given.
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V I-Hslu Lee

One of the most pressing issues in high energy physics is to

determine the mechanism responsible for the electroweak gauge symmetry

breaking. While waiting for SSC to shed light on this issue from the

experimental side, it is important to fully understand the implications of

the standard electroweak theory, and to obtain clues from there to explore

ideas which go beyond the standard model. During the past year I have

continued an intensive program of research in this direction. I will

describe three major areas of research below.

i.) Studies of Lattice Yukawa Models and Upper Bounds on Fermion

MassesGenerated by Yukawa Couplings

Yukawa couplings play an important role in the standard SU(2)xU(1)

electroweak theory, providing fermion masses and mlxlngs. Since the t quark

is known to have a mass which is not small compared with m Z or mW , its

renormallzed Yukawa coupllng is of order unity. It is clearly of interest

to investigate the behavior of _%D Yukawa theories in a manner not limited to

perturbation theory. The lattice formulation provides a powerful tool for

this purpose since it deals with the entire functional integral defining the

quantum theory and is not limited to perturbative expansions. Lattice

studles have already taught us that certain quantltles whlch are apparently

free parameters are not so arbitrary as was once thought. In particular,

there is strong evidence that 4D pure scalar field theories are free. If

this property of the scalar fields persists when ferml ,r'and gauge fields

are included in the theory, then, to have an interacting Higgs sector to

give rise to the spontaneous symmetry breaking, one is led to regard the

standard model as an effective theory valid up to some cutoff. This in turn

implies the existence of upper bounds on the masses of the Higgs boson and

the fermions. Since the most likely place to construct a continuum limit of

the full lattice electroweak model is where the bare SU(2) and hypercharge

U(1) couplings both vanish, this further motlvates studies of lattice Yukawa
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theories to establish whether they are interacting or non-interacting

("trivial") in the continuum limit.

lt is logical to address the issue of the continuum limit of a

Yukawa theory in the simplest framework first. In collaboration with

Professor J. Shigemitsu of Ohio State University and Professor R. Shrock of

the Institute for Theoretical Physics, Stony Brook, Irhave carried out two

recent studies of a 4D Yukawa model with a real scalar field interacting

with staggered (Kogut-Susskind) fermions 19'20. One must first determine

the phase structure of the lattice model, and then measure renormalized

masses and couplings as one approaches a continuum limit (removing the

cutoff) at a second-order phase boundary of a phase with appropriate

properties. We have used a combination of exact results, mean-fleld

methods, i/d expansions (d=dlmensionallty), and dynamical fermion hybrid

Monte Carlo simulations to determine the phase structure for this theory.

For the model studied in Ref. 19, where the Yukawa coupling term is a direct

transcription of the continuum form _ to the lattice (which involves the

interaction between the scalar field at each sitewith its neighboring

staggered fermions on a hypercube). We found that the phase structure

consists of (a) a symmetric or paramagnetic (PM) phase where the Z(2)

symmetry is realJzed explicitly, and three phases where this symmetry is

broken spontaneously: (b) ferromagnetic (FM); (c) antiferro-

magnetic (AFM); and (d) ferrimagnetic (FI), having both FM and AFM long-

range order. Since we are investigating fermion masses generated by the

Yukawa couplings as is the case in the electroweak theory, we have studied

the continuum limit defined by approaching the FM-PM phase boundary from

within the FM phase. This phase boundary is second order, so that a

continuum limit of the lattice theory can be constructed there. We

proceeded to carry out measurements of the renormalized masses of the scalar

and fermion fields, and the renormalized Yukawa coupling YR and scalar:
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coupling AR _ We find that, when the cutoff (given by the lattice spacing

here) is of the order of twice the scalar mass, as the bare Yukawa coupling

ranges from 1 to _, the renormalized coupling YR lies in a very restricted

range, of order unity. Secondly, as one moves closer to the continuum

limit, the renormalized Yukawa coupling decreases. This behavior is what

one would expect if the renormalized Yukawa coupling vanishes as the cutoff

is removed. Similar qualitative behavior is observed for the renormallzed

scalar coupling. Our results are thus suggestive that the continuum Yukawa

theory defined onthe FM-PM phase boundary is non-interacting. Combining

these results with the fact that the cutoff cannot be less than both the

scalar mass and the fermion mass in order for the effective theory to be

sensible, we obtain an upper bound on the fermion mass of order the symmetry

breaking scale, v. We also obtain an upper bound on the scalar mass,

extending earlier works on pure A 44 theory to the case of the interacting

scalar-fermion theory. Our results are important in the context of our

understanding of the t quark, which is now known to have a mass which is at

least comparable to that of the electroweak vector bosons W and Z.

Since this lattice Yukawa model exhibits an interesting phase

structure which allows the approach to the continuum limits to be taken on

several different phase boundaries, a further study was carried out to

determine the properties of the continuum limits defined by approaching the

FM-FI phase boundary from within the FM phase, and the AFM-FI phase boundary

from within the FI phase 21. This work was again a combination of analytic

results and dynamical fermion simulations. We find that, at the FM-FI

boundary, the fermion mass goes to infinity wh_le the scalar mass remains

finite, so the continuum theory defined there is a pure bosonic theory. Our

measurements of the critical exponent for the staggered magnitization,

<4>st , are consistent with the Gaussian value #=1/2 and suggest that this
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bosonic theory is free. On the other hand, near the AFM-FI boundary, the

fermion mass has a similar behaviour as that near the FM-PM boundary.

In order to study the question of which aspects of the phase

structure are dependent upon details of the lattice action and which are

universal, we have also analyzed the same Yukawa theory _ with a different

lattice Yukawa Coupling, which involves the interaction between the scalar

field at each site with the staggered fermions at the same site only 20. We

have Obtained a number of exact and approximate analytic results and have

worked out the main features of the phase diagram. This theory consists of

at least an FM phase, two symmetric phases, PMI with fermion mass in lattice

unit aM F =0 and PM2 with aMF_0 , and a phase with AFM order. The PM1 and PM2

phases provide realizations of a chiral symmetry which are lattice analogu_,s

of the continuum realizations via (a) massless fermions, and (b) massive

parity-doubled fermions. We find that the continuum limit defined on the

FM-PM1 boundary is qualitatively the Same as that defined on the FM-PM

boundary in the model studied in Ref. 19, and is consistent with being non-

interacting. This feature is independent of the exact lattice action used,

and is therefore universal. The continuum limit defined on the FM-PM2

boundary, however, is a pure bosonlc theory and is free. The behavior of

the fermion mass as one approaches this phase boundary is opposite to that

found near the FM-PM1 boundary. Interestingly, this feature persists when

one uses the Wilson fermions (instead of the staggered fermions), and is

found to be related to the decoupling of the doubler modes (see next

section).

2) Studies of Chiral Gauge Theories

Another aspect of the standard electroweak theory which is

especially challenging for nonperturbatlve studies is the fact that it is a

chiral gauge theory. For example, although interesting properties of Yukawa

couplings have been obtained in the simple Yukawa model considered in Ref.

19-21, as described in the previous section, to study a realistic Yukawa
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sector of the standard model, lt is necessary to take the chiral nature of

the standard model into account and deal with chiral fermions. Furthermore,

in addition to the electroweak theory and other unified theories, chiral

gauge theories are natural candidates for composite models, for which

nonperturbatlve information is particularly desirable.

While a vectorllke theory such as QCD has been studied by

nonperturbative methods extensively, very little has been done for chiral

gauge theories, lt is convenient for the following discussions to

distinguish two kinds to chiral gauge theories: (a) those Which include

only gauge fields and chiral fermions, and (b) those which include scalar

fields also. The former have been used in studies of dynamical symmetry

breaking, as weil as in studies of composite models. Some examples of the

latter are the standard electroweak theory and the grand unified theories.

One of the difficulties in studying the first kind of chiral gauge

theories (i.e. those without scalar fields) is that no known regularlzatlon

scheme is able to preserve the chiral gauge symmetry. As a consequence, the

gauge symmetry is always broken when one quantizes such a chiral gau_e

theory. In collaboration with Dr. S. Aok! and Dr. S.-S. Xue of the

University of Milan, I pre,posed a conJcture that the back of chiral gauge

symmetry-preservlng regulator is signalling a genuine quantum effect which

breaks chiral gauge symmetries and generates masses for gauge bosone. This

idea is applied to an SU(3)cXSU(2)LXU(1)y model, lt is shown that the

dynamics of chiral fermions can generate masses for the W and Z boso,,s with

tb,e correct mass ratio. We also find that chiral gauge theories without

el_mentary scalars are related to effective gauge theories with group

element valued scalar fields. Futhermore, massless fermions exist in such

theories. This investigation suggests that ma,_ important features of the

standard model, including the mass generation of the gauge bosons, can be

reproduced by an SU(3)cXSU(2)LXU(1)y chiral gauge theory without elementary

scalars. The main difference between the two is that the standard model
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contains an elementary Higgs bosons, while the latter model does not. I was

invited to report on this work _t the International Symposium on Lattice

22
Field Theory at Capri, Italy.

An important obstacle to using lattice methods to obtain

nonperturbative information about the chiral gauge theories such as the

standard electroweak model has long been recognized: because of the fermion

doubling, each lattice fermion field yields 2d--16 fermion modes, half of one

chirallty and half of the other, so that the theory is non-chiral. If one

were to add a QCD-llke Wilson term to remove doubled fermlon modes in the

continuum limit, this would break the local chiral gauge invari_nce,

Although it was possible to construct a generalized Wilson term involving

scalar fields, which was invariant under the chiral gauge transformations,

perturbatlve analysis suggests that such generalized Wilson term does not

succeed irl removing the doubler modes. This has motivated nonperturbatlve

studies of this issue. A second important question concerns whether it is

possible to tune lattice parameters so that, while the mass of the doubler

modes goes to infinity (i.e. they are removed from the system), the

physical, renormallzed fermion mass remains finite in the continuum limit.

Initially, one may study the SU(2) and U(1)y factor groups

separately and subsequently combine them. Since SU(2) has only real

representations, one can re-express the SU(2) sector of the standard model,

involving 2N ieft-handed 1=1/2 Weyl fields (four for each generation), as a

vectorllke theory with N Dirac fields. This fact made it possible to avoid

dealing with chiral fermions in a number of my previous studies of this

sector. I have thus concentrated on the (chiral) U(1)y hypercharge theory

first.

A numerical study has been carried out of the weak (bare) gauge

¢oupllng limit of the hypercharge U(1)y sector relevant to the standard

23
electroweak theory. Because the usual hybrid Monte Carlo method for
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dynamical fermions cannot be applied to such a chiral theory, we use

simulations with quenched fermions. In this weak bare gauge coupling limit

the gauge degrees of freedom are froze_ out, and the symmetry i_ reduced

from local to globa5 hypercharge U(1)y. This limit is of physical interest

because the most tractable continuum limit of the lattice electroweak theory

(which involves only the pha_;e structure of the bosonlc sector in the

quenched apprcxlmatlon) occurs where the SU(2) and U(1)y bare gauge

couplings both approach zero. (This would be similar to lattice QCD, where

the continuum limit occurs at zero bare gauge coupling.) A study of the

U(1)y sector is especially revealing because this sector already embodies

the properties of the full electroweak model, vlz., (i) complex

representations, and (ii) nonsingletright-handed fermions, in contrast to

the SU(2) sector. In view of the necessity of removing fermion doubler

modes, we use Wilson fermions for this work. More recently, an analytic

study of the full U(1)y gauge theory was performed. 24 This not only

provides new information about the properties of this theory at arbitrary

gauge couplings, but also enables us to further understand the data obtained

from the simulations, and allows us to compare the analytic results with the

simulations. Further simulations have also been carried out and compared

with the analytic predictions. Good agreement is found between the two

studies.

Our results answer both of the questions posed above: we find that

there is a strong coupling region of the parameter space in which lt is

possible to remove the fermion doubler modes as one approaches the continuum

limit of the lattice theory while, at the same time, tuning the lattice

parameters so that the renormalized mass of the physical fermion is finite

in this limit. We are able to determine analytically the value to which a

certain parameter must be tuned to yield a finite physical fermion mass in

the continuum limit, and the region in the parameter space where this tuning
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is possible. This work thus demonstrates the feasibility of formulating

chiral gauge theories on the lattice when both the left-handed and right-

handed fermions are gauge nonslnglets. This constitutes the first step

toward studying the full electroweak theory on the lattice. Further work in

this direction is in progress.

3.) Studies of Fermion Masses and Mixing

The problem of fermion masses and weak mixing angles remains one of

the most outstanding unsolved puzzles in particle physics. In the standard

SU(3)xSU(2)xU(1) model, there is no explanation of the patterns of these

masses or of weak mixing. One model proposed by Frltzsch is that the mass

matrices are close to the form in which all matrix elements, except one

diagonal element, vanish• This automatically gives a heavy fermion and £wo

massless fermions. The masses of the lighter fermions arise from the small

corrections in the off-dlagonal elements. Motivated by the recent

experimental results on the lower bound of the top quark mass, and the fact

that the symmetry breaking scale, v, is the only physical scale in the

electroweak theory, I was led to consider the possibility that the Yukawa

couplings in the standard model are almost equal, and are of order v. In

particular, a simple algebra shows that if all the Yukawa couplings for the

charged 2/3 quarks are equal to v/3, then, after the dlagonalizatlon of the

mass matrix, one obtains a top quark mass mt--v , and two massless quarks. In

collaboratlon with professor R. Shrock, I have studied properties of a model

of this type for fermion masses and mlxing 25. In this model, the original

mass matrix for each charged fermion sector consists of entries which are

almost equal, up to small corrections. These small corrections generate a

complete fermion mass hierarchy in a natural manner. We have constructed a

specific model which yields quark mixing angles that are calculable

functions of ratios of quark masses, and are phenomenologlcally acceptable.

Our model is of interest partly because it is an example of how such angles
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can be produced in a manner quite distinct from the Fritzsch-type mass

matrix.

In a different direction, together with Professor S. Drell, I have

also investigated the possibility of dynamical generation of fermion masses.

This work is still in progress.

Yl. T, Moro_uml

Precession tests of electroweak interactions are essential in

establishing the standard model or the directions for going beyond standard

model. As an example, the CP violating parameters _ in K meson decays is

known to better than I% experlmentallly. However, theoretically, we can

only estimate its order of magnitude. Theoretical uncertainties come from

the _act that we do not have a systematic and reliable method for computing

the non-leptonic decays of K mesons.

Since last year, I have been studying K_ decays within the

framework of Chiral Lagrangians in collaboration with Aol. Sanda, C.S. Lim,

Ref. 7.

In K mesons' decays, any theoretical framework has to explain the

AI--_2rule. Because there have been many papers on this long-standlng

problem, we discuss what has been achieved through our research.

In order to evaluate non-leptonlc decays, the contribution from both

long range physics and short range physics are important. The short range

contribution could be evaluated reliably with perturbative QCD and the

renormalization group. This effect could be incorporated into the Wilson

coefficients or the corrections to the coefficients of current-current

interactions. On the other hand, the information on the long-range

contribution is included in the hadronic matrix elements for current-current

interactions. Traditionally, it has been widely believed thatthe chiral

lagrangian with only octet pseudoscalar mesons is enough to evaluate

hadronic matrix elements, (non-llnear a model approach). Contrary to this
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belief, we have first shown, using continuum field theory, that the scalar

½ KO_mesons give a significant contribution to the &I = amplitude in

decays. Since K mesons have a heavier mass than _ mesons, it is important

to study the deviation from the results obtained with the soft pion limit.

With a QCD llke model (Nambu Jona-Laslno model) as a guide, we derived a

chiral lagrangian _ appropriate for this purpose. In our framework, the

contribution from higher resonances as internal propagators can be properly
J

incorporated. Further the inclusion of higher resonances makes the

behaviour of the theory inthe ultraviolet region less divergent than in the

non-linear # model. This results in much smoother matching with the

perturbatlve QCD picture. In reference 7 we achieve a 10-20 enhancement

factor for the ration AI_!/_ (Experimentally it is 23) It could beAim3/2 ' . •

improved with the loop effects of hadrons and with more highe r resonances

included. A study in this direction lls in progress with T. Hatsuda, C.S.

Lim, M.N. Rebel o, and A.I. Sanda. Finally, I gave a review talk at the CP'

Violation Summmer Study at BNL about our work and it will be published in

the proceedings.

VII Hal-can2 Re_

i. On High TC Superconductivity. (In collaboration with

R. Friedberg and T.D. Lee).

Since the pioneering work of Bednorz and Muller in 1986, a number of

high TC superconductors have been discovered which include Im2.xSrxCu04,

YBa2Cu307.y , (Bi, Pb)2Sr2Ca2Cu30y , TI2Ba2Cu30 x etc. The highest transition

temperature among them is 125K. In addition to a high transition

temperature, these oxides share many interesting physical properties' they

are all strong type-II superconductors with coherence lengths of the same

order of the lattice spacing; their transport coefficients (Hall number,
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resistivity, etc.) show similar anomalous behaviors. Most of these features

remain unexplalnedand may indicate an superconducting mechanism alternative

to BCS theory'

Our approach i_ based on the s-channel model proposed by

R. Friedberg and T.D. Lee whlch is motlvated by the short coherence length.

Since the coherence length is of the order of the lattice spacing, the

Cooper pairs must be well localized in the coordinate space and can be

represented by a phenomenological boson field 4. The Bose-Einsteln

condensation of these 4-quanta is then a natural mechanism for the

superconductivity° The Bose-Einsteln condensation happens whenever the de

Broglie wavelength becomes comparable with the mutual distance between

bosons The de Broglie wavelength is inversely proportional to the square

roots of the boson mass and the absolute temperature, therefore the lighter

the boson is, the higher is the transition temperature. For liquid helium

the bosons are helium atoms and the superfluidity temperature is only 2.2K.

For high-T C oxides the bosons are Cooper pairs whose mass is only few times

the electron mass and the transition temperature could be much higher.

In Reference 8 we showed that in the s-channel model of

superconductivity, the coherence length can be calculated and is very small,

consistent with the Observation, we also examined the vortex filament and

the critical fields HCI and HC2.

In Reference 12 we examined an ideal gas of charged bosons (with an

external unlform background charge density so that the whole system is

electrlcall_ neutral). We found that the earlier work on the

superconductivity of this system by Schafroth et al is invalid because the

electrostatic exchange energy between bosons has been completely left out.

Based on variational arguments, we showed that the ideal charged boson

system is not a superconductor at low density and is a type-li



I

, -20-

superconductor at high density whose lower critical field HCI is much higher

than the Schafroth's result.

In Reference 14, the s-channel theory of high-T C superconductivity

is applied to a one-dimensional lattice of parallel CuO 2 planes, lt is

shown that at T<Tc, the long-range-order parameter is described by the Bose

condensate amplitude and the electron (or hole) have a gap energy

proportional tothe condensate, the same as in the continuum case.

In the Reference 15, the s-channel model is applied to the _SR and

Hall number experlments, the results lend support to Bose-Einstein

condensation as_theunderlylng phase-transltlon mechanism. The relation

between Bose-Einsteln condensation and high TC is discussed.

2. On Riemann Zeta Function. (In collaboration with K. Bitar

and N Khuri)

The chaotic behavior of Riemann zeta function within the critical

strip is explored and its application to the evaluation of path integrals is

investigated.

VIII Mark.___

It is well known that analytical methods fall as tools for obtaining

precise quantiatlve predictions from strongly-coupled quantum field

theories. The most prominent instance of this situation is, of course,

quantum chromodynamics. Computations have been performed for extremely

high-energy (and thus, for this asymptotlcally-free theory, weakly-coupled)

processes, and the results of these computations agree with experimental

results, so we have confidence that we are dealing with the correct theory.

We are nevertheless totally incapable of using this correct theory of strong

interactions to compute, _ initio, hadronic properties such as ratio of

masses or magnetic moments, lifetime, or parameters of relevance for nuclear
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As a consequence of this state of affairs, much effort has been

expended developing techniques for performing numerical computations in
,_

quantum field theory. Most of this work has been done on a discrete

approximation to the Feynman path integral , lattice gauge theory. Despite

much progress, the goal of being able to do reliable, accurate low-energy

computations in QCD or any strongly-coupled quantum field theory -- e.g., a

composite model -- remains elusive.

I am investigating numerical methods for performing quantum-field-

theoretic computations in the Schrodinger picture. Rather than summing over

all field configurations in spacetime, in this approach one computes a

wavefunction whose value is a function of the dlscretlzed field

configuration at a single time. Thus one can, for example, make use of

physical insight or experimental input tochose a trial wavefunction which

is close to the actual solution, and concentrate computational effort on

refining this candidate. An even more attractive approach is to start with

a wavefunction which depends on only a small number of discretlzed field

degrees of freedom, and then to add, in a so-called "adaptive" manner, only

those degrees of freedom whose inclusion will most significantly enhance the

accuracy of the discrete solution.

The finite element method for discretizing partial differential

equations is particularly well suited to such a program. Adaptive

refinement has been and continues to be one of the most active fields of

investigation in the finite element literature. The fact that, having

obtained an approximate finite-element solution to a differential equation,

one can proceed in a straightforward manner to evaluate the degree to which

the equation fails to be satisfied, means not only rthat one has at one's

disposal the information needed to guide adapative refinement, but also that

one can obtain accurate estimate and, often, rigorous bound on the error in

e.g., energy eigenvalues obtained at any given stage of refinement. (The

relevance of another feature of the finite element method, namely, the ease
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with which nonstandard boundary conditions can be incorporated, will be seen

below.)

Work which is presently nearing completion 26 focuses on the above-

i

mentioned aspects of finite elements. In collaboration with Sergio

Fanchiottl, a graduate student in the Physics Department at N.Y.U., I have

written a computer program which uses the finite element method with C °

standard and C° and CI standard or hierarchical shape functions to compute

the energy a point particle in an arbitrary one-dlmenslonal potential. As

error estimators we have investigated several functions and have found, by

running the program with potentials of known eigenspectrum, that one of

these gives an excellent indication of the magnitude of the actual error.

We have derived, and tested numerically, a rigorous bound on the error in

computed eigenvalues which can be used with any sha_e functions of

continuity CI or higher. As expected for one-dlmenslonal problems, finite

elements give a systematic way of achieving accuracy, with a modicum of

computer time, limited only by the precision of the machine. Implementation

of adaptive refinement is currently in progress.

The second paper in this series will initiate the incorporation of

open-system boundary conditions; that is, boundary conditions on the

numerical model which simulate the irreversible loss of energy to the

external world which allows a real physical system to relax to its ground

state. Several types of such "absorbing boundary conditions" are known for

fields obeying classical wave equations. We will couple a classical scalar

field subject to absorbing boundary conditions to the time-dependent

Schrodinger wavefunction of a particle in a background potential, and

simulate the process of energy loss. In addition to providing a

semiclassical model of tlme-dependent relaxation processes in open systems,

this investigation will furnish a new alternative to the standard

mathematical techniques for finding the lowest elgenvalue and eigenfunction
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of a differential system, e.g., the shlfted-inverse-lteratlon we are using

with our current flnlte-element quantum mechanics. Whether or not such

boundary conditions prove to be an efficient way to solve eigenproblems (as

we do expect them to, since they are simulating the process by which the

real physical system reaches its ground state), they will be essential for

any attempt at numerical simulatlon of tlme-dependent processes.

Quantization of a field itself with open boundary Conditions

necessitates the use of the density matrix in lieu of the simpler

Schrodinger wavefunctlons. For weakly-coupllng systems, specifically

quantum electrodynamics, a great deal of relevant work has been done in

recent decades, stimulated by the physics of lasers and going by the name Of

,'quantum optics". Our approach will be to apply flnlte- element

discretlzation to the quantum optics formalism; the computational machinery

resulting from their synthesis should be sufficiently powerful to deal wlth

both weakly and strongly interacting systems.

Further directions in which to proceed, beyond those outlined above,

are as multitudinous as they are tantializlng, and I will only mention two.

Some authors have suggested that, by working in the Schrodinger picture, one

can circumvent _ the Nielsen-Ninomiya theorem; the possibility of doing

numerical simulation of chiral fermions is certainly high on the llst of

avenue of investigation. And, surprising though it may seem, the paper

which Serglo and I are currently completing is one of only a handful to date

which have used flniteelements in quantum mechanlc_, let alone quantum

field theory; there are, certainly, problems in atomic physics and quantum

chemistry to which this powerful technique could be profitably applied.

_X Anthony Sand_

I) Computing the weak matrix elements of mesons.

The chiral Lagrangian describes strong interactions of mesons at low

energies. The four-Fermi weak hamiltonian written in terms of quarks
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describes weak interacrtions of particles at high energies, We have

introduced a procedure in which these two schemes can be matched, the

resulting hamiltonian descrlbesthe week interactions of mesons at low

energies in a way suchthat both chiral symmetry and SU(3) symmetry are

treated properly.

We are hopeful that all weak matrix elements of K mesons can be

computed with reasonable accuracy -10-20%, compared to presently available

order of magnitude estimates. So far, we have shown that the AI=I/2 rule, a
,

puzzle that has remained unsolved for over 30 years, can be understood in

our picture.

Presently we are computing loop corrections to our result so that a

proper error assignment on our calculation can be made. This is being done

by T. Morozumi, C.S. Lim, T. Hatsuda, M. Rebelo and A.I. Sanda.

There are many problem to be solved along this direction. For

example T Kurimoto T Morozumi and I are looking into the problems of
p , p * ,i_

,-,' mixing and vector dominance within the framework of the linear sigma

model.
f

2. Lattice and Chiral symmetry breaking.

Computations of FK, F etc. on the lattice require theoreticalT

extrapolations before they can be comparedwlth experiments. For example

the computation of FT as a function of MT, MT<500MeV I is difficult due to

computational constraints. A. Soni and I are working on an extrapolation

scheme based on the linear sigma model. This is particularly convenient

since the _acuum of the linear sigma model breaks SU(3) i.e. FK_F T. Thus

both FK and FT can be studied on a function of MK and M .T

3. The Higgs Lagrangian is isomorphic to the sigma model

Lagrangian. When the coupling constants of the Higgs lagrangian become

large, W boson scattering becomes strong. This type of phenomenon may be

observed at SSC. A Sanda, D. Atkinson, T. Tanabashi, Harada and T. Yamawakl
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are studying the predictions of thee model for this process. For example,

p exists in _-_ scattering. We want to know if p is a necessary

consequence of the sigma model. If it is, the Higgs lagrangian will predict

the existence of the so called technl-rho. Note that, in _-_ scattering, p

is much easier to detect than a. The isomorphism tells us that the technl-p

may be found even if the Higgs particle (which corresponds to o in _

scattering) is too broad to be detected.

I have spent six weeks at Brookhaven this summer in order to

par tlcipate in the CP violation workshop. There I gave series of lectures

in CP violation.

I have also visited KEK, Tsukuba, Japan twice this year. There I

gave series of lectures of B meson physics.

X Margarlda Nesblt Rebelo

When I arrived to The Rockefeller University at the beginning of

October 1989 I was still working on the problem of quark mass matrices and

soon afterwards we wrote a paper on the subJ,ect, entitled 'Universal

Strength for Yukawa Couplings' This work was done in collaboration with

G.C. Branco and J.I. Silva-Marcos (ref. 26). We summarized the contents of

this work in its abstract' We suggest that the Yukawa couplings which are

responsible for the generation of quark masses and charged current mixings

have all the same strength. It is shown that the observed pattern of mixing

angles and the spectrum of quark masses is consistent wit h the hypothesis of

universal strength for Yukawa couplings. Hence our quark mass matrices had

the form

Mu--ku[exp (i_ij ],Md=ku [exp (i@ij]

in some weak basis.

After having finished this work we spent some time working on

possible extensions. We were interested in discussing physical scenarios
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leading to our ansatz that would impose interesting constraints on the

phases thus giving us definite physical predictions in the form of e.g.,
i

,_ bounds for the top quark mass.

Up till February 1990 I kept working on this problem and at the same

time trying to learn the details and status of related aspects o _

'triviality, anomalies, andcanonlcal electroweak theory at small distanc_:_ _''

having in mind a problem suggested to me by Professor M.A.B. Beg based on

the question of whether or not there is a new non-perturbative phase in QED,

characterized by spontaneous chiral symmetry breaking and confinement.

Up till that time we had not obtained publishable results on our

problem of quark mass matricesbut we still maintain our interest in the

question.

Afterwards I started working in collaboration with A.I. Sanda and T.

Morozumi on the application up till one loop of a specific theoretical mode].

for the explanation of the empirical AI=I/2 rule for _ decays into two _'s.

This is the extension of a previous analysis done by T. Morozumi, C.S. Lira,
F

and A.I. Sanda and descrlbed in their reports. We hope to finish and send

to publication our results very soon.

During the summer of 1990 I participated at the BNL summer study on

CP violation, 1990 and gave a talk on "Some possible minimal extensions of

the Standard Model with spontaneous CP Violation." This lead to a

contribution paper to be published in the proceedings (ref. 2).

Xl So-Young P%

During the academic year 1989-1990, while I was visiting Rockefeller

University, I worked on two research projects: one is "Non-equillbrium

Dynamics and Inflation," which is a continuation of my long term research on

Early Universe Cosmology, and the other is on "Chern-Simons Gauge Theories,"

which is closely related to the fractional statistics that occur in

condensed matter systems.



_" -27-

I. Non-Equilibrlum Dynamicsand Inflation

Key ingredients of various cosmological scenarios are phase

transitions, which would have occurred in the early universe. Prediction of

these phase transitions is based on "equilibrium" high temperature quantum

field theories. However, in order to establish the validity of cosmological

scenarios, it is crucial to undstand non-equilibrium dynamics before,

during, and after a cosmological phase transition when the system is

obviously changl_g with time. Together with my collaborators, I have been

developing calculatlonal techniques for studying the time-evolution of a

quantum field theoretic system in an external environment that is _ changing

with time, and a method has been formulated to descrlbe entropy conserving

time-evolution. While visiting Rockefeller University, I have studied the
i

possibilities of extending this method to entropy non-conserving processes.

Moreover, I have carried out a detailed quantum field theoretic analysis of

"Inflaction Dynamics" using our technique. In particular, together with O.

Eboli (who was visiting me at Rockefeller University) we studied the onset

of inflation under various initial configurations of the inflation - driving

scalar field. For a given inltital state, the behavior of the scale factor

of the universe was determined by solving self-conslstently the coupled

Einstein - matter equations, where the matter evolution is described

earlier. We also had weekly meetings with E.G.D. Cohen, who is an expert in

non-equilibrium statistical mechanics, to discuss non-equilibrlum dynamics

in the context of cosmological phase transitions.

2. Chern..Simons Gauge Theories

(a) Solutions in Non-Relativistic Chem-Siphons Field Theories

The dynamics of a charged point-particle interacting with a magnetic

point - vortex arises in various physically interesting circumstances. When

free motion along the [infinite] vortex is ignored, the description becomes

essentially planar (two dimensional) and summarizes center of mass dynamics

for two point particles that carry charge as well as magnetic flux and
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interact according to the laws of planar, Chern-Simons electrodynamics, lt

has been conjectured that such structures enter into the physics of the

quantized Hall effect and of high Tc superconductivity. The quantum

mechanics of N-charged particles interacting through a U(1) Chern-Simon

gauge field had not been solved except for the two bodyproblem. As an

approach ts the general N-body problem I, together with R. 3ack_ _, have
i

constructed a non-relativistlc field model which is a secon_ quantized

description of the non-relatlvistlc N-body quantum mechanics. We have

studied the model on the classical level where a gauged non-linear

Schrodinger equation emerges. We have found _ explicit, two-dimensional,

static, self-dual solutions• that satisfy the Liouville equation.

Understanding the soliton structure in the "one-dimensional" non-llnear

$chrodlnger equation was an important achievement in the complete

integrability program for non-linear partial differential equations, and

also in the non-perturbatlve a_alysis of non-llnear quantum field theories.

Indeed quantlzing the solutions reproduces the spectrum of the quantum

mechanical one-dlmensional 6-functlon N-body problem. No useful results

about the two dimensional non-llnear Schrodinger equation in the plane have

emerged up to now; our results shows that gauging the model offers new

possibilities of solution. We have further studied various properties of

our model" its obvious and hidden symmetries, its relation to a

relativistic field theory and its supersymmetric formulation. We have shown

that our model is the non-relativistlc limit of the recently found

relativistic, Abellan Chern-Simons model that leads to self-dual equations

for classical configurations. In the relativistic model there is the

possibility of a symmetric realization of the U(1) symmetry or topological

solitons exist. Our model is the non-relativistic limit of the symmetric

realization. Contrary to assertions in the literature that the "effect of

the Chern-Simons terms is to transmute the satlstics of the particles and to

do nothing else," the existence of sollton solutions both in relativistic
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and non-_relativistic models vividly demonstrates that the Chern-Simons term

supports non-perturbative excitations whose role in quantum field theory

still needs to be further explored.
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