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[1] PROPOSAL OVERVIEW

The research program in theoretical particle physics supported by DOE
grant DE-FGO03-90ERA40546 is a project with a broad range of investigations of
the standard model and beyond, including nonperturbative studies of quantum
ficld theoretic models using analytic and computational tools.

The faculty participants of DOE grant DE-FG03-90ER40546 arc Roger
Dashen, David Kaplan, Julius Kuti, Ancesh Manohar, and Ann Nelson. The
current budget supports three research associates (Iiwoon Choi, ICarl Jansen,
and Elizabeth Jenking), three rescarch assistants, one third of a secretary, and
summer salary for Kuti, Manoliar, and Nelson. Kaplan's funding by the grant
is complemented by his DOE Outstanding Junior Investigator Award which was
received last year for partial research support. Kaplan’s current research activities
and plans for future rescarch are described in the separate proposal of his Task.
This year the grant also provided support for visiting research associate Yue Shen.

The rescarch program for a time period of approximately three years is
summarized in scction 2, with strong emphasis on investigations of the last
twelve months. New rescarch plans for future work are also presented in section
2. In parts A-D, results of the research program are reported from the last
twelve months. In the same parts, some carlier results with divect relevance to
current research projects are also discussed, thus preserving the continuity of the
presentation. In part E, earlier work which is not dircctly related to projects of -
the last twelve months is reported for a more complete presentation of the general
rescarch profile of the group.

Some of the main research results as outlined in section 2 can be sunumarized
as follows. Part A describes rescarch contributions in quantum chromodynamices.
In this arca a detailed investigation of the spin structure of the nuclecon was
continued. In the low energy pion dynamics of QCD which is governed by an
cffective action that includes the topological Wess-Zumino term, the parity and
statistics of soliton solutions known as skyrmions were investigated. A new
formulation of the low-cnergy chiral effective Lagrangian of QCD for baryons
interacting with pions was developed applying recent calculational techniques
of heavy quark physics in the context of quantum chromodynamics. A new
description of constituent quarks as collective excitations of QCD degrees of
freedom in terms of a topological knot in the background Gq chiral condensate
(“qualiton picture”) was developed and extended. A kaon condensation mechanism
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at high temperatures was investigated in the effective chiral Lagrangian approach

of QCD.

In part B of scction 2 recent rescarch results are reported with the wnifying
theme of clectrowenk interactions in the laboratory and in cosmology. Limits
on neutrino masses are discussed together with a specific model to realize a
cosmologically safc 17 keV neutrino in a singlet-triplet majoron model. Solutions
to the strong CP problem are presented and the renormalization of the CDP
violating € parameter is analyzed. The possibility of baryogenesis during the weak
phase transition is described. The conservation of chiral charge in massless QED
with a charged Higgs field is analyzed at finite temperature as a toy model for

baryon number violation at high temperature in the standard model.

In part C of section 2, nonperturbative results are reported concerning the
physics of the heavy Higgs particle and the heavy top quark. Results on the
triviality analysis of the heavy Higgs mass bound are reported with particular
cmphasis on the application of finite size scaling theory in large scale simulations.
The phase diagram of the Higgs-Yukawa model and the triviality upper bound
for the top quark arc also discussed. The equivalence of the heavy top quark
condensate and an clementary Higgs ficld are reported, and the fate of the heavy
top quark vacuum instability in a Higgs-Yukawa model is described.

In part D results on a varicty of non-perturbative lattice investigations are
reported. A detailed study of the phase diagram in lattice Higgs-Yukawa models
is discussed and the problemn of flavor anomalies in lattice electroweak models
is commeited upon. Results on the finite size sealing analysis of the constraint
effective potential are reported and a detailed field theoretic study of the resonance
structure of the Lee model in a finite box is described. First results on the fractal
dimension of critical clusters in the @2 model are discussed, and a detailed study of
Goldstone bosons at finite temperatures is reported. Results on cluster algorithins
and scaling in C'P(3) and CP(4) models are presented.

In part E, some carlier rescarch topics which are not directly related to
current work are briefly described. Rare decay modes of the 2 vector boson
are analyzed and parity odd spin-dependent structure functions are discussed.
Electroweak one-loop corrections to the top gquark inass are reported and a
supersymietric model with the Higgs as a lepton is presented. Chiral charge
oscillation in the Schwinger model is discussed, and some critical remarks related
to carlier work on the electric dipole moment ot the neutron are described. Several
years of carlier involvement in the DOE Grand Challenge Program of very large
scale supercomputer applications is reported together with somne results on lattice

QED.

In section 3, sixty-seven publications of research results supported by DOE
grant DE-FG03-90ER40546 arc listed for the tiine period of the last three years.
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Twenty-one invited conference talks for the presentation of research results in the
same time period are listed in section 4. The proposed budget for FYS 1992-96
is presented in section 5. Attachments inn Section 6 list individual faculty support

and vitac.



UCSD 916904

2] RESEARCH PROGRAM

The rescarch program for an approximate time period of three years is
summarized in this scction with strong cmphasis on investigations of the last twelve
months. New rescarch plans for futuie work are also presented here. In parts A-D,
results of the research program are reported from the last twelve months. In the
samce parts, some earlier results with direct relevance to current research projects
are also discussed, thus preserving she continuity of the presentation. In part E,
carlier work which is not directly related to projects of the last twelve months is

reported for a more complete presentation of the general research profile of the
group.

A. QUANTUM CHROMODYNAMICS

Quantum chromodynamics remains a major component of the rescarch pro-
gram. Results of the last twelve months are summarized here with an outline of
plans for further rescarch. A brief summary of the results discussed in part A is as
follows. A detailed investigation of the spin structure of the nucleon was carried
out by Manohar. In the low energy pion dynamics of QCD which is governed
by an cffective action that includes the topological Wess-Zumino term, the parity
and statistics of soliton solutions known as skyrimions were investigated by Jenkins
and Manohar. A new formulation of the low-energy chiral effective Lagrangian of
QCD for baryons interacting with pions was developed by Jenkins and Manohar
applying recent calculational techniques of heavy quark physics in the context of
quantum chromodynamics. A new description of constituent quarks as collective
excitations of QCD degrees of freedom in terms of a topological knot in the back-
ground gq chiral condensate (“qualiton picture”) was developed and extended by
KKaplan, In this part only his earlier work which continues as a separate Task
is reported. Kaplan's current research in his area is discussed in the separate
Task of his DOE Outstanding Junior Investigator proposal. A kaon condensa-
tion mechanism at high temperatures was investigated by Nelson in the cffective
chiral Lagrangian approach of QCD. The earlier involvement of the group in the

DOE Grand Challenge Program of very large scale supercomputer applications is
presented in Part E.
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1. THE SPIN STRUCTURE OF THE NUCLEON

(Ancesh Manohar)

There has been much recent work and controversy surrounding the mea-
surcment by the European Muon Collaboration of the gy structure function of the
proton. Most of the controversy concerns the role played by gluons in the sum
rule for the first moment of g1, the Ellis-Jaffe sum rule. Altarelli and Ross had
proposed that there was a pointlike gluon contribution to the gy sum rule con-
nccted with the axial anomaly, and that the first moment of the polarized glion
density, Ag, is given by the forward matrix clement »f the Chera-Simons current
", They also argued that the forward matrix element of K7 is gange invariant,
because IS changes by a total derivative under a gauge transformation. These
claims have been explicitly shown to be false. The forward matrix element of K/*
can be studied in an exactly soluble model, the 141 dimensional Schwinger model,
which has many of the same qualitative features as QCD (e.g. instantons). It was
shown by Manohar that the forward matrix clement of K/ is gauge dependent
(and singular) because I* couples to the Kogut-Susskind ghost dipole. Thus it
does not provide a good definition of the polarized gluon distribution. By gen-
eralizing the standard treatment of parton distributions using bilocal operators
to the polarized case, it was shown that Ag is given by the matrix element of a
gauge invariant but non-local operator. Thus Ag does not represent a pointlike
contribution connected with the axial anomaly, as proposed by Altarelli and Ross.

The bilocal operator definition of polarized parton distribution functions
allows one to compute the gluon contribution to the gp structure function. The ¢y
structure function can be written as the sum of a quark picee and a gluon picce,

g =3l ©Aq+§] ® Ag

where g‘{'g‘n.rc the spin-dependent parts of the hard quark and gluon scattering
cross-sections and ® represents a convolution. The gluon contribution gﬂ can he
computed using QCD perturbation theory. The gluon contribution to g1 was com-
puted by Carlitz, Collins and Mueller (CCM) by studying the gluon-photon scat-
tering dingram. Their result depended on the ratio p? /m? of the gluon momentum
to the quark mass, and they argued that the correct limit is to take pe/m? - 0o
which gives a gluon contribution to the first moment of gy of —as/27. The CCM
calculation is infrared dependent because it uses the total photon-glnon scatter-
ing diagram, rather than just the hard part, (}"{ The hard cross-section q'l’ can
be obtained by applying factorization to photon-gluon scattering, and using the
CCM calculation. The resulting expression for fzfl’ is infrared regulator indepen-
dent, and has zero first moment. Thus a standard generalization of QCD parton
model results to the polarized case leads to the conclusion that there is no gluon
contribution to the first moment of gy.
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Another proposal due to CCM was that the gluon contribution to g1 could
be determined by studying one-jet versus two-jet events. Photon-quark seattering
produces one-jet events, and photon-gluon scattering produces two-jet events. This
proposal was studied in more detail by Manohar. Fixed target experiments cannot
distinguish between one and two jet events, because the angle between jets is
of order Myarget/Q, and vanishes in the deep inelastic limit. However, one can
distinguish between the two cases by studying deep inclastic scattering in the
centre of mass frame. In this case, it is possible to measure the polarized glion
distribution, Ag(a), by distinguishing between one and two jet events. (Actually
two and three jet events, because there is now also a beam jet.) However, the three-
jet contribution to the first moment of gy is not —as /27, but more complicated,
and depends in detail on the experimental resolution and definition of a jet. Thus
the CCM proposal can be ased to determine the polarized gluon distribution,
but the gluon contribution to g1 is not a universal quantity related to the axial
anomaly.

The results of Manohar, and earlier work by Jaffe and Manohar (JM), were
suminarized in the proceedings of the Polarized Collider Workshop held at Penn
State University last year. On many points, there is now agreement hetween CCM
and JM. The points of agrecment and disagreement between the two groups were
discussed in another article in the same proceedings by Carlitz and Manohar.

Manohar has also computed the contribution of heavy quarks (such as the
c and b quarks) to the gy structure function of the proton. The contributions are
calculable using a combination of an effective field theory and the renormalization
group. The calculation is a straightforward extension of previous ealculations by
Abbott and Wise, and Witten of heavy quark contributions to Fy. The heavy
quark is integrated out at a renormalization scale equal to its mass. The low
cnergy cffective operators produced involve only the light quark fields (and possibly
gluons). Thesc effective operators are then scaled down to low energies, where their
proton matrix clements are known in terms of measured light quark distribution
functions. Thus the heavy quark distribution functions can be computed using
measured light quark distributions and calculable anomalous dimensions.  The
spint asymmetry for the b and ¢ quarks is —(1.442.1)x 107" and —(2.4£3.5) x 10~
respectively. It has been suggested that the large strange quark matrix element
As in the proton can be written as

(Yg
2r
for cach quark flavour for which Q% 3> m?2, where a large Ag is supposed to explain
the large matrix clement As. A§ is interpreted as the “intrinsic” strange quark
content of the proton, and is expected to be small. However, from the above calcu-

lation, it is clear for a heavy quark that Aiq is small. Since the asAg contribution
is the same for all quark flavours (and independent of Q?), one requires that for

Aq=A§— 5-Ag,
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a heavy quark Aq is large. This subverts any claim that Aq is the intrinsic quark
content and should therefore be small for s (and ¢, b and t) quarks.

2. SOLITONS AND DISCRETE SYMMETRIES
(Elizabeth Jenkins and Aneesh Manohar)

The low encrgy pion dynamics of QCD is governed by an effective action
that includes a topological term, the Wess-Zumino term. It is also believed that

“the theory contains soliton solutions known as skyrmions. The skyrmions are soli-

tons in a purely bosonic theory, but have to be quantized as fermions (for an odd
number of colors) because of the Wess-Zumino term. This follows from the fact
that the amplitude for the rotatior of a soliton by 27 is —1. Jenkins and Manohar
have shown that tlie topological term affects discrete quantuwr aumbers such as
the intrinsic parity of solitons. It is well known that bosons and antibosons have
the same parity, but fermions and auntifermions have opposite parity. The rela-
tive parity of fermions and antifermions can be determined as follows. Create a
soliton-antisoliton pair from the vacuum, and separate them till they ave far aparct,
and non-interacting, and denote this sequence as S. Consider anotlier sequence of
configurations S, where every point in §' is the reflection of the corresponding con-
figuration in S. The product of the intrinsic parities for a soliton-antisoliton pair
can be determined by comparing the amplitudes for § and S§'. The Wess-Zumino
term is only determined for paths that start and end at the vacuum configuration,
so the action is not defined for cither S or §'. However, the relative amplitude of
S to §' can be determined, if S ends at a soliton-antisoliton configuration which is
parity invariant, because the two paths can be glued together at their end points.
In this case, the relative amplitude is given by action for the path S followed by the
reversal of path S'. It can be shown that this path is homotopic to the 2r rotation
of a soliton. Thus if solitons are fermions (bosons), solitons and antisolitons have
opposite (same) parity. Similar arguments to the above can also be used to study
the statistics of solitons; exchange of identical solitons produces a minus (plus)
sign if they are fermions (bosons). The statistics of solitons was studied earlier

by different methods by Finkelstein and Rubinstein but the results on parity are
Hew.

3. BARYON CHIRAL PERTURBATION THEORY
(Elizabeth Jenkins and Ancesh Manohar)

~Jenkins and Manohar have developed a new formulation of the low-energy
chiral cffective Lagrangian for baryons interacting with pions. By treating baryons
in the chiral effective theory as hcavy static fermions, these authors obtained an
improved and consistent chiral perturbation theory for baryon fields. This new
treatment employed and generalized calculational techniques recently developed
for the study of heavy quark physics in the context of QCD by Shifman and

9
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Voloshin, and Isgur, Politzer, and Wise. The (QCD dynamics of hadrons contain-
ing a heavy quark can be studied in the limit in which the heavy quark is treated
as a heavy static fermion since momentum transfers due to gluon exchange are
much smaller than, and independent of, the heavy quark mass for many hadronic
processes. In an analogous fashion, baryon fields in the chiral Lagrangian can be
trented as heavy static ficlds since momentum transfers between baryons due to
pion exchange are small compared to the baryon mass. Thus, the baryon veloce-
ity is clfectively conserved in its interactions with pions at low energics. Using
the velocity-dependent formalism for heavy fermions developed by Georgi, the
chiral effective Lagrangian fer baryon ficlds can be rewritten in terms of velocity-
dependent baryon ficlds which satisfy a massless Dirac equation., Derivatives acting
upon these velocity-dependent baryon fields produce powers of k, a typical pion
momentuin. Thus, higher ditnension terms in the chiral Lagrangian with extra
derivatives acting on baryon ficlds are suppressed to the same extent as higher
dimension terms in which the derivatives instead act upon pion fields. The deriva-
tive expansion for both pions and baryons becomes an expansion in powers of
(k/Ay), where Ay ~ 1 GeV is the chiral symmetry breaking scale which sup-
presses non-renormalizable terms in the chiral effective theory.  Herctofore, the
derivative expansion for baryons was invalidated by the baryon mass (produced
by terms involving time derivatives), which is order one compared to Ay.

Application of the velocity-dependent formalisin to baryons in the baryon
chiral Lagrangian not only justificd the derivative expausion for baryons, but it
also resulted in considerable simplification of the Feynman rules for baryon-pion
interactions. The Dirac structure of the velocity-dependent effective theory can be
climinated by introducing velocity-dependent spin operators S) which act upon
baryon fields. All gamma matrices in the chiral effective Lagrangian can be re-
piaced by spin operators and the baryon velocity vector v, Computation of
Feynman diagrams is greatly facilitated by the elimination of gamma matrices
from the Feynman rules for baryons interacting with pions.

Using this new formulation of baryon chiral perturbation tlicory, Jenkins
and Manohar computed one-loop radiative corrections to baryon octet axial vector
currents and discovered that the corrections were order one compared to the tree-
level values. (The previous calculation of these radiative corrections erroncously
neglected wavefunction renormalization.) This result scemed to imply that the
SU(3) chiral Lagrangian paramecters D and F cannot be reliably extracted from
hyperon semileptonic decays and that SU(3) synunctry fails at the one-loop level
in baryon chiral perturbation theory. In a subsequent work, however, Jenkins
and Manohar showed that SU(3) symmetry is substantially restorea if effects of
spin-3/2 baryon decuplet fields are included. Additional Feynmman diagrams with
internal decuplet lines contribute to baryon octet axial vector renormalization and
lead to significant cancellation amongst octet and decuplet contributions. The

10



i
L |
3
\
%
=

‘o e i i i e 7 o il

o . N v " £

UCSD 916904

calculation of decuplet graphs was performed in the limit of degenerate baryon
octet and decuplet multiplets with both baryon multiplets treated as hieavy static
ferinion fields of the baryon chiral Lagrangian. The inclusion of decuplet fields in
the chiral Lagrangian led to two additional parameters, one of which is determined
by decuplet decays into octet plus pion. In addition, radiative corrections to quark
currents were computed. Parameter values for the baryon chiral perturbative
calculntion were similar to quark model predictions.

To see whetlier decuplet fields restored SU(3) sytnmetry in anothier context,
Jenkins investigated one-loop radiative corrections to baryon octet and decuplet
masses. The developiment of the formalism necessary for the inclusion of spin-3/2
ficlds in the baryon chiral Lagrangian allowed radiative corrections to decuplet
masscs to be calculated for the first time. The investigation showed that baryon
chiral perturbation theory predictions for baryon masses were consistent with ob-
servation to order m2, where my is the SU(3)-breaking strange quark mass. A
new relation amongst decuplet masses which holds to order mg in chiral pertur-
bation theory was obtained. As a result of this computation, Jenkins found that
the decuplet-octet mass difference is comparable to SU(3) violating intermulti-
plet mass splittings in both the octet and decuplet multiplets and can therefore
be treated as a perturbation. This observation justified the caleculation of de-
cuplet contributions to octet axial vector current renormalization in the hmit of
degenerate octet and decuplet baryons. In addition, since the decuplet baryons
can be treated as degenerate with the octet baryons, decuplet fields cannot be
removed from the baryon chiral Lagrangian. All previous calculations of one-loop
corrections to baryon octet quantities used a chiral Lagrangian which anly con-
tained baryon octet fields. Instead, decuplet fields must be retained in the chiral
Lagrangian calculation. Decuplet diagrams are found to contribute signiticantly
to renormalization of baryon octet quantities at the one-loop level. As was the
casce for octet axial vector renormalization, substantial cancellation amongst octet
and decuplet radiative corrections was found for the Gell-Mann-Okubo octet mass
relation and for Gell-Mann's equal spacing rule for decuplet masses.

In planned future work, radiative corrections to baryon non-leptonic S- and
P-wave dccays, baryon radiative decays and baryon magnetic moments will be
computed including the cffects of diagrams which involve decuplet ficlds.

4. CONSTITUENT QUARKS AS COLLECTIVE EXCITATIONS
(David Kaplan)

The successes of the nonrelativistic quark model suggest that QCD has
massive excitations in its spectrum with the quantum numbers of the current
quarks. They are expected to be massive even in the limit of zero current masses
for the quarks, and may be thought of as collective excitations of current quarks

. L I [aFUNS SR WL SO U SN 1 U U SN Ny U U T DR P S e
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example, how the proton can have nonzero strange quark matrix elements without
being inconsistent with tlie quark model. As a collective excitation, the constituent
U and D quarks themselves could have nonzero matrix eleients of operators with
current strange quarks. Other interesting applications could be the caleulation of
gA for the constituent quarks — the axial coupiing of quarks to pions — as well
ns anomalous magnetic moments.

Recently, Kaplan suggested that the constituent quarks may be thought of
as solitons in the background §q condensate of the QCD vacuum. At first sight,
this seeris absurd since the §q composite field can ouly carry spin zero or one, and
transforms under color as a singlet or octet — apparently a poor candidate for
creating a constituent quark, a color triplet with spin 1/2! However, Kaplan was
able to show that a topological knot in the background §q field can indeed carry
the correct color, spin, baryon number and statistics to be a candidate for a con-
stituent quark. The idea was to consider a limit in which chiral symmetry breaking
cffccts are strong as usual, but the other effects of color are relatively weak. Thus
there can be local colored fluctuations of Gq which do not cost too much energy.
The physics of these fluctuations was investigated in a chiral Lagrangian, which for
one flavor, reflected the symmetry breaking pattern SU(3);, x SU(3);, — SU(3).
where SU(3)e is color, and the chiral syminetrics are considered approximate sym-
mctrics of QCD below the chiral symmetry breaking scale. The chiral Lagrangian
is a function of ¥ € SU(3) and its derivatives, desctibing the physics of the color
octet of excitations of gq. These excitations are massive hecause the color inter-
actions explicitly break the chiral syminetry. The theory also has a Wess-Zumino
terin, reflecting the global anomalies of QCD. As in the Skyrme model, one can
consider solitons which carry nontrivial winding number: g = exp(i F(r)f - 7),
with F(0) = 7 and F(oo) = 0. By quantizing the collective coordinates one finds
that the lowest excitation carries baryon number B = 1/3, spin J = 1/2 and
transforins under color as a triplet. A sitnple diinensional estimate give it a mass
of roughly several hundred MeV. This excitation is called a “qualiton” and is an
ideal candidate for a constituent quark. Kaplan’s current research in this area is
discussed in the proposal for the separate Task of his DOE Outstanding Junior
Investigator Award.

5. KAON CONDENSATION
(Ann Nelson)

Inn 1990, Nelson continued her investigation of kaon condensation and strange
baryon matter into the high temperature regime. In the presence of a kaon con-
densate, or realignment of the §q condensate, all cight members of the haryon
octet can be shown by using a chiral lagrangian to become very light, with masses
less than a few hundred MeV. At temperatures above ~ 100 MeV a local sec-
ondary minimum at nou zcro < I{ > develop in the onc-loop effective potential

12
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for the kaon expectation value, which becomes a global minimum at a tempera-
ture of ~ 180 MeV. It is possible that this is more evidence for a first order chiral
sytimetry breaking transition, or it is possible that another transition, whose or-
der paramcter is the kaon field, takes place at lower temperature than the chiral
symmetry breaking transition. This transition provides a possible mechanism for
producing strange baryon matter in the early universe.

Future research into the kaon condensation phenomena will examine the
cifects on relativistic heavy ion collisions, which seem te produce regions of high
baryon density and temperature. An enhancement of the K /x ratio is scen in
these collisions, which may be evidence for lowering of the effective kaou masses.
At moderate temperatures and densities it is possible to use the baryon-meson
chiral Lagrangian to examine collective cffects on the excitation spectrum, and if
thermal cquilibriumn is achieved, to predict the particle numbers and transverse

momentun distribution. Nelson is working on such a cemputation to see if it [its
the available data.

13
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B. ELECTROWEAK INTERACTIONS
| |

‘
In this part, recent research results are reported with the unifying tll\‘;?lllﬂ of
clectrowenk interactions in the laboratory and cosmology. A brief summary of the
results discussed in part B is as follows. Limits on neutrino masses are discn‘vsod in
subscction B1 by Nelson and Manohar. A specific model to realize a cosmolojically
safe 17 keV neutrino in a singlet-triplet majoron model was proposed by Chini and
reported in subsection B2. Solutions to the strong CP problemn are discusted by
Nelson in subsection B3. The renormalization of the CP violating 6 paramecter
is reperted by Choi in subsection B4. The possibility of baryogenesis dur'uhg the
weak phase transition is described in subsection BS by Nelson and Kaplan, The
conservation of chiral charge at finite temperature in massless QED with a cljarged
Higgs ficld is analyzed by Manohar in subsection B6 as a toy model for baryon
number violation at high temperature in the standard model. |

1. LIMITS ON NEUTRINO MASSES
(Ann Nelson and Ancesh Manohar)

With collaborator Steve Barr (Bartol), Nelson investigated a connection
between neutrino masses and baryogenesis. They showed that if neutrinos are
Majorana particles and the lightest neutrino is heavier than 0.1 eV any baryon
number generated at high energies, above 101 GeV, will be washed out by anoma-
lous weak baryon number violation.

The recent evidence for a 17 keV neutrino emitted in 1% of nuclear heta
decays has spawned a lot of new theorctical work. Manohar and Nelson examined
the constraints on the neutrino mass spectrum and mixing angles from searches
for neutrino oscillations, masses, and ncutrinoless double beta decay. They found
that, if there are no new neutrino degrees of freedom such as SU(2) x U (1) singlets,
then there are two possibilities consistent with a 17 keV neutrino. One possibility
is that there is an exact (or nearly exact) ¢ + 7 — yt synunetry, and the 17 keV
ncuttino is Dirac, with left handed component a lincar combination of clectron
and tau neutrinos and right handed component the muon antineutrino. Otherwise
the muon neutrino must be heavy, with mass in the range 190 keV <y, < 250
keV and mixing designed to cancel the contribution of the 17 keV neutrino to
neutrinoless double beta decay. In another paper, Nelson showed that the second
possibility can be obtained in a natural inodel without fine tuning. The basic idea
hicre was to arrange the lepton number symmetry breaking so that the electron
numnber syminctry breaking parameter only breaks electron number by one unit,
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whereas necutrinoless double beta decay requires electren number to change by
two units. In Nelson’s model, neutrinoless double beta decay will only occur

through very tiny second order cffects in the clectron number symmetry breaking
paramcter.

2. THE 17 KEV NEUTRINO AND MAJORON MODELS
(Kiwoon Chot)

Recent measurements of the 3 decay spectra of tritium, S and ¢ have
suggested that ve has a small admixture of a 17 keV nentrino with mixing prob-
ability sin?8 ~ 0.01. It is well known that a stable massive neutrino with mass
above 100 ¢V but below a few GeV would have a cosmological cnergy density larger
than the critical density, thus leading to a universe which is too young. This im-
plies that a cosmologically safe 17 keV neutrino should either decay fast enough,
or have an annihilation cross section much larger than that of the standard weak
gauge interactions, so that its relic inass density is significantly reduced,

As a specific model to realize a cosmologically safe 17 keV necutrino, Choi

“and Santamarin invented a singlet-triplet majoron model whose particle content

has a triplet Higgs field x = (x++,X+,x0) and also a singlet Higgs o in addition
to the particles in the minimal standard model. In this model, the global B — L
synunetry is spontancously broken mainly by the vacuum expectation value of
o and thus the resulting Goldstone boson ¢, known as the Majoron, is mostly
lin(o) with a small admixture of Im(xp). The absence of v-less double 3 decay
can be achieved by employing the family symmetry Le — Ly + Ly which leads to
two degenerate 17 keV Majorana neutrinos that are mostly 1, and v, Due to
the GIM suppression in decay amplitudes, 17 keV neutrinos- are cosmologically
stable. However majoron couplings to 17 keV neutrinos provide an additional
annihilatio.. channel v — ¢¢ and thus allow the present cnergy density not
to cxceed the critical density. This annihilation mechanism then gives rise to
an interesting prediction on the vy and vz pulses from supernovae.  Choi and
Santamaria observed that the annihilation cross section which is large enough to
make the present energy density less than the critical densily makes the 17 keV
neutrinos strongly trapped inside the supernova core. Since vy and vr are mostly
17 keV necutrinos in the model, the resulting intensity of 1, and 1 pulses would
be too weak to be observed by the neutral current detecters proposed for a future
supernova cxplosion. One of the motivations for the model was to investigate the
possibility of 17 keV necutrinos as dark matter particles in galactic lialos. Choi and
Santamaria found that the diffuse X ray background produced by the radiative
decay of relic 17 keV neutrinos implies that the present mass density of 17 keV
neutrinos is less than about 5 % of the critical density, thus almost ruling out the
possibility of the 17 keV ncutrino as a candidate for dark matter.
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TIIE STRONG CP PROBLEM
(Ann Nelson)

The strong CP problem, 1.e. the absence of strong CP violation as evideneed
by the lack of a neutron electric dipole moment, is an important elue to new physics
beyond the standard model. In QCD all CP violating effects are proportional to
the parameter 8, defined to be 8 = Oycp 1-arg det g, where 8 ey is the coeflicient
of (aqyan/8m) )G G and myg is the quark mass matrix. The npper bound on 8 is now
6 <2 x 1071 which is puzzling since a large phase ocenrs in the ICN matrix in
the standard model of weak CI violation.

There is a class of models with spontancously broken CI in which at high
cuergies 6(ycpy is equal to zero, and the phase of the determinant of the quark
mass matrix is calculable and very near zero. These theories usually predict o
neutron clectric dipole moment which is larger than ~ 5 x 107 #7c-c, generated
via finite loop eflects. The observed CP violation occurs, as in the standard model,
through a phase in the Kobayashi-Maskawa. quark mixing matrix. Gauge or glohal
symmetries foree the quark mass matrix to have o special form or “texture”™ with
real determinant; and it is interesting to ask what other constraiuts on quark
masses and mixing may arise. Nelson recently examined a model where the small

size of § is guaranteed by an SO(3) flavor symmetry and found the following
predictions for weak scale physics

1. At tree level, the upper bound on the top mass is
mymedy
my < b o 1h
7’Nl1\rb
implying au upper bound on the physical mass of about 120 GeV.,
2. There is an interesting relation involving the IKM phase, the top mass, and
the KM angles, which may be written either as

ICq mgmg[\'l‘fu

2
- _d
Ky mfmﬁ]\',fn 2

or

¢

- - - 2
: KKy K Mmenny,
co8 6 ~ C)- C( + ; ”)' l‘— X
(413) 20, 2 I oy My

3. The lower bound on the top mass constrains the b to w KN clement to lie
in the range

N
0.15 < =10 < 0.3,
l\rb

Another class of solutions to the strong CP problem involves a symmetry,
called a Peceei-Quinn (PQ) symuetry, which is only broken by the QCD anomaly.
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Such models usually lead to an axion, however Nelson has found some examples of
mnodels with a PQ symunctry and no axion. The essential features of these models
are
1. The only colored fermions to carry the PQ symmetry are the up, down
and/or strange quarks, although the PQ symmeiry may also be carried by
scalar particles and/or colorless fermions.
2. The PQ symmetry is not spontancously broken above the QCD condensate
scale.

An axion is an approximate Goldstone boson which occtirs as a result of a
spontancously broken nearly exact syminetry; this symmetry is an anomaly free
lincar combination of the PQ symmetry and the U(1) axial symmetry acting on
the light quarks. In Nelson’s axionless models the nearly exact symmetry need
not be spontancously broken, since it is not carricd by quarks. Thercfore there is
no Goldstone boson, but there will be new light particles carrying an approximate
global syminetry. These particles may have escaped detection if they have masses
in the GeV range and decay into hadrons. The spontancously broken P() symmetry
need not lead to a Goldstone boson if it is broken at the QCD scale, since QCD
anomalous ’Q symmetry breaking effects are strong. In Nelson’s original model
the new particles contribute to 2Y decays at a level which is now ruled out, but
variauts of the model are still viable.

4. RENORMALIZATION OF TIIE CP VIOLATING 6§ PARAMETER
(KKiwoon Choi)

Several interesting extensions of the standard model predict new CP violat-
ing weak interactions. For such models, the strong CP problem associated with
the extremely small value of 6 (< 10_10) in QCD becotnes even more pressing
due to a large renormalization of 6 induced by these new CP violating inter-
actions. Recently Weinberg pointed out that the CP odd three glion operator
Og = fabe J;‘,(,Gf’,"Gf,(,e/“’”" which can be identified as the chromoelectric dipole
moment (CEDM) of the gluons can be a dominant source for the clectrie dipole
moment (EDM) of the neutron. Later, it was noticed that the CEDM of the b
quark, Oy, can be another important source. In a renormalizable theory, the effec-
tive operators Og and O are usually induced by the exchange of heavy particles
above the Fermi scale. Chang, Choi, and Keung (CCK) then studied the effects of
these new CP violating operators on the renormalization of 8. The renormalization
group (RG) mixing among the 6 term, Og, and Oy has been computed by Moro-
zov some time ago. CCI checked the entry that was never confirmed by other
calculations before. They then found that, for models whose flavor conserving CI?
violation at the Fermi scale is dominated by Oy or Oy, the most important contri-
bution to the neutron EDM comes from the 6 term which is induced by the RG
evolution of Oy and Oy unless the model contaius a Peccei-Quinn (PQ) symmetry.
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They also noted that, for a natural range of CP violating paramecters, left-right
symmetric models and multi Higgs doublet models give rise to an unacceptably
large value of @ through the RG evolution of Qg and Op.

5. WEAK SCALE BARYOGENESIS
(Ann Nelson and David Kaplan)

During the last year and a half, Kaplan and Nelson, along with Colien
(Boston University), have been studying the possibility of baryogenesis during the
weak phase transition. The observed baryon number of the universe gives im-
portant clues about physics at short distance scales, and is currently one of the
most convincing pieces ol evidence for physics beyond the standard model. If one
discards the idea that baryon number (or baryon minus lepton number, when the
cffects of anomalous weak interaction baryon number violation are considered)
is simply set by an initial condition in the universe, then the observed baryon
to photon ratio today tells us that there is additional CP violation besides the
Kobayashi-Maskawa (IKM) phase in the standard model; simple ealeulations show
that because of the smallness of some of the quark Yukawa couplings, KM CDP
violation conld at best lead to a baryon/photon ratio today which is about 10729,
ten orders of magnitude smaller than observed. Until recently, it was also thought
that an additional source of baryon violation at short distance scales was required
for baryogenesis, although as 't Hooft showed, the standard model does contain
baryon violating processes, with rates suppressed by exp(=2m /). This sup-
pression is probably absent at temperatures above the critical temperature for the
weal phase transisition, so that anomalous weak baryon violation oceurs rapidly
in the early universe.

If the weak phase transition is first order or spinodal, then baryogenesis can
occur during the transition, since the universe is out of thermal equilibrium. The
baryon number produced will depend on some of the details of the transition and
on the CP violating parameters of the effective theory at the weak seale, and so can
give us constraints on experimentally -accessible physics. As discussed above, the
most interesting clue is that the observed baryon number requires the introduction
of a new source of CP violalion.

In two recent papers Cohien, Kaplan, and Nelson suggested a scenario for
baryogenesis in a model where additional CP violation was included by introdue-
ing right handed ncutrinos with a CP violating mass matrix. The right handed
ncutrinos recicve weak scale masses at the weak transition via spontancous lepton
number violation. There is a dimensionless CP violating parameter in the theory,
which, if maximal, is given roughly by écp ~ m?,pr, where m,?,r is the tau neu-
trino mass (assumed to be the heaviest conventional neutrino) and Gy is Fermi's
constant. Therefore a rough upper bound on the baryon to photon ratio in this
model is Gpmgf, which gives an cstimate of 30 MeV for the tau neutrino mass,
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which is in a measurable range but below the experimental upper bound of 35

MeV.

The baryogenesis mechanism in this model is completely different front those
proposcd for conventional GUT scale baryogenesis. Departure from thermal equi-
librinm is achieved through supercooling at the SU(2) x U(1) breaking transition,
when bubbles of true vacuum form. The bubble walls expand into the false vac-
uum, scattering particles into non-thermal states. Righthanded neutrinos, which
arc massless outside the bubble and very massive within, reflect off the advancing
bubble wall. With CP violation, the reflected lepton number flux ¢an be nonzero,
cven when the incoming flux has zero lepton number. The sign of the effect is due
to the sign of the CP violating parameter of the theory. Because of anomalous B
and L violation in the unbroken phase, this ex:..ess of lepton number can be con-
verted into baryon number. In fact, since B — L is not anomalous, the anomalous
D + L violating processes will equilibrate B -+ L, while not changing 3 — L. Thus
some of the lepion excess is converted to baryon number. These haryons then
pass through the expanding bubbles into the true vacuum phase, where baryon
violation is suppressed by a tiny exponential.

This theory of baryogenesis makes definite experimental predictions, such as
a ncutrino mass of 10-30 MeV, and would be testable at the proposed charm-tan
factory in Spain. Also, there are extra neutrinos with weak-scale masses and CP
violating interactions. Detailed knowledge of the neutrinos and there interactions,
together with an understanding of the weak transition parameters such as the
amount of supercooling, the latent heat released, and the transition temperature
would eventually allow a precise numerical caleulation of the baryon number of
tlie universe, and could eventually provide constraints of particle physics models
analogous to the contraints imposcs by nucleosynthesis calculations.

An important ingredient of the model is that it is not necessary to directly
conneet the CP violation with anomalous baryon violation-the new CP violation
can be used to create asymmetrics in quantum numbers other than baryon num-
ber, and anomalous weak interactions can convert this asymimetry into a baryon
asymuncetry. This observation also plays a role in a model discussed in another
recent paper. In this model, additional CP violation is included by introducing
a sccond scalar doublet and CP violation in the scalar potential. Interactions of
the quarks and leptons with the scalar ficlds inside the phase boundary leads to
an “cffective chemical potential” for fermionic hypercharge i.e. a split in particle-
antiparticle energy levels. In the limit where the walls are fat and/or slow moving,
scattering processes inside the wall involving the top quark Yukawa coupling will
generate an asyminetry in top quark hypercharge. Anomalous weak process then
convert this top quark hypercharge asymmetry into a baryon asymmetry.

Current work considers the more likely limit that the phase boundary is
thin compared to a typical scattering length for top quarks, and so one can ne-
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glect scattering processes inside the wall. Reflection of top quarks off the wall
into the symmetric phase will produce an asymmetry in top quark hypercharge,
since in the presence of CP violation the probabilities for left and right handed
top quarks to bounce off the wall are different. This effect is similar to the one
previously considered for neutrino scattering, except that the quantum number
reflected into the symmetric phase is hypercharge rather than lepton number,
Since hypercharge is not orthogonal to baryon number, in the presence of net
hypercharge the anomalous weak processes produce baryons and antibaryons at
asynunctrical rates until the baryon number reaches a nonzero equilibrium value.
IKaplan and Nelson are working on a detailed calculation of the baryon number
cxpected in multi Higgs models; it it likely that producing enough baryon number
will constrain experimentally observable quantities such as particle clectrie dipole
moments.

6. CIHIRAL CIIARGE IN FINITE TEMPERATURE QED

(Ancesh Manohar)

Cohen and Manohar studied the conservation of chiral charge in massless
3+1 dimensional QED at finite temperature. The Chern-Simons number in QED
can be written in gauge invariant form as
B(x) x B(x) - (x — x')

|x — x|}

v !
QC’S = m dx dx

This lcads to some very interesting consequences which arve hest studied in the
casc of spontancously broken QED.

The theory investigated was massless QED with a charged Higgs field, which
docs not couple to the fermions. Consider an empty box at zero temmperature,
and add some nassless fermions of a definite chirality. The problem studied was
what happens to the box after it is heated up, and then cooled back down. The
conclusion was that at high temperature, chiral charge can disappear because of
fluctuations in £ - B, but when the box is cooled back down, the massless fermions
reappear, and the box has the same chiral charge it started with. The conclusions
follow from the above expression for Chern-Simons number, and the fact that it is
cuergetically costly to have magnetic fields in spontancously broken QED, so that
at low temperatures, the ground state has no magnetic fields.

Spontancously broken QED has flux tube solutions, and conservation of
Rcs produces some interesting consequences for these flux tubes. The above ex-
pression for Qg is proportional to the linking nummber of the flux tubes. Thus at
high temperature, fermionic chiral charge can disappear into Chiern-Simons num-
ber. As the systemn is cooled below a critical temperature, the scalar field develops
an cxpectation value. At this point, one will in general produce a mctastable
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state of linked flux tubes. The linking number of these flux tubes must equal the
initial chiral charge minus the net chiral charge of any massless fermions that are
present, Eventually, these flux tubes get unlinked, and shrink away, recrcating
massless chiral fermions, Eventually, all the chiral chiarge is carried by fermions,
and the final fermion chirality i$ equal to the initial chirality.

This theory was studied as a toy model for baryon number violation at high
temperature in the standard model. The results are very interesting, but are not
relevant to the standard model because Chern-Simons number cannot be written
in a gouge invariant form in a non-Abelian gauge theory. However, the results do
show that there is no general connection between fluctuations in Chern-Simons
number at high temperature, and the relaxation rate of chiral charge, because in

QED, Qcg fluctuates at high temperature, but the chiral charge does not relax to
7Cro.
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C. THE HEAVY HIGGS/TOP PROBLEM

In this part, nonperturbative resulls are reported concerning the physices of
the heavy Higgs particle and the heavy top quark. In subsection Cl1, results on the
triviality analysis of the heavy Higgs mass bound are reported by Jansen and [Kuti
with particular cimphasis on the application of finite size scaling theory in large
scale simulations. In subscction C2, the phase diagram and the triviality upper
bound for the top quark arc discussed by Jansen. The equivalence of the hicavy
top quark condensate and an cletaentary Higgs field are reported by Jansen, Kuti,
~and Shen in subsection C3. The fate of the heavy top quark vacuum instability in
a Higgs- Yukawa model is described by Kuti and Shen in subsection C4.

1. TIIE HEAVY HIGGS MASS BOUND
(I<arl Jansen and Julius Kuti)

Onec of the most outstanding successes of recent non-perturbative lattice
investigations is the determination of an upper bound on the heavy Higgs mass dne
to the triviality of the O(4) limit of the SU(2) Higgs scctor in the minimal standard
model. Earlier Jansen and Kuti with collaborators obtained definitive results on
the heavy Higgs mass bound in very large scale computer simulations which were
combined with a detailed theoretical analysis. An upper Higgs mass bound of 640
GeV was found when the momentum cut-off with lattice regularization was lowered
to 4 TeV. Further lowering of the momentum cut-off would introduce substantial
cut-off effcets in physical amplitudes and the predictive power of the theory would
be lost.

The theoretical interpretation of finite size effects in the simulation results
played an important role in the accurate determination of the heavy Higgs mass
bound, This year Jansen and Kuti continued the investigation of some important
theoretical and practical isssues concerning the finite size scaling analysis of the
O(4) Higgs model which is difficult in the Higgs phase for two reasons. First, the
O(4) symmetry is strictly speaking not broken in the finite box and a detailed phys-
ical picture is desirable to explain the symmetry breaking mechanism in the infinite
volume limit. Second, theories with spontancously broken continuous symmetries
have Goldstone bosons which are massless excitations with very special finite size
cffects. The massless Goldstone particles are also known to be the source of severe
infrarcd singularitics in the Higgs propagator and other correlation functions at
zero momentum when the infinite volume limit is taken.

Finite size scaling theory which attempts to deal with those problems has
a long history. A few, ycars ago Fischer and Privinan used the large N expansion
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in their finite size scaling analysis of the non-linear O(N) model in the broken
phase. The large N method was also studied by Neuberger to help interpret the
simulation results. Kuti and his collaborators in 1988 used the sum of dingrams
in the O(4) model as suggested by the large N technique to control the infrared
divergences of the Higgs propagator ab zero momentum in the infinite volume
limit. Other infrared divergences and the related finite size cffects were treated
in a similar fashion in their determination of the heavy Higgs mass bhound. At
that time it remained an unresolved issue whether the saime set of dingrams would
remain dominant at finite N. Kuti with graduate student Lin addressed the issue
this year,

In a different approach to finite size sealing theory, Leutwyler and collabora-
tors have developed a raethod based on chiral perturbation theory. This technique
was used by Jansen and his collaborators this year to analyze in a quantitative fash-
ion many finite size effects in the O(4) simulation. The refined analyses of Jansen
and Kuti confirm the results of the carly determination of the upper bound on the
heavy Higgs mass. It also agrees with the results of Litscher and Weisz, A more
detailed deseription of the recent results of Kuti and Jansen follows.

Infrarcd Renormalization Group Analysis and Finite Size Scaling. Since the carlier
finite size analysis of IKuti and his collaborators was based on the sum of diagrams
which are dominant in the large N limit, a comprchensive physical and mathemati-
cal description in ficld theoretic language without any intermediate assumption, or
approximation, is desirable in order to have complete control on the O(4) results.

To gain some physical insight into the problein, a theoretical approach to the
caleulation of the spectruin of the O(4) lattice Hamiltonian in a finite box had to
be developed. Although the O(4) symmetry cannot be broken in the finite box, one
expects that the spectrumn of the Hamiltonian and Jhe stationary energy cigenstates
in the finite box should provide a framework a.u a satisfactory description which
is as good as the infinite volume calculation with spontancous synunetry breaking,.
Kuti and collaborators have shown that the Born-Oppenheimer approximation in
ficld-dingonal representation of the wavefunctions and field operators is an effective
approach to this problem. The slow mode of the system is identified as the angular
part of the zero momentum component of the scalar field in the intrinsic O(4)
space. They have found the excitation spectrum of the Goldstone particles in the
finite box without spontancous symmectry breaking and also identified the massive
Higgs cxcitations. The infrared renormalization group (IRG) technique controlled
the Goldstone singularities in the large volume limit as explained below.

In the IRG analysis, the following renormalization scheme was used: (1)
at renormalization scale k£ the inverse Higgs propagator was required to have the
form k2 4+ m2(x); (2) the vacuum expectation salue of the Higgs ficld was kept
fixed in every order of the loop expansion (sum of all tadpoles was set to zero); (3)
the derivative of the inverse Goldstone propagator was sct to 1 at zero momentum.
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The f-fuuction of the Higgs coupling constant A and other renormalization group
quantitics depend explicitly on the effective Higgs mass m(«) in this scheme. Kuti
nnd Liu showed that in the p — 0 infrared limit of the Higgs propagator and
other Green's functions with Higgs fields, the Higgs particle is frozen out and
the dynamics is dominated by the Goldstone modes. For example, the complete
f-function in the general O(N) case is given to one-loop order by

_ AT (N=1 3l u(l—u
A= W{T + fO d“’m'f(rc)/rc’+u)(l—u)}

with identical result for v, which describes the running mass. This is expected,
because the ratio ”12(&)//\(&) is kept &-independent in the scheme used. In the
small Higgs mass limit the g-function is proportional to V48 which is the standard
result in a mass independent scheme. For large Higgs masses (1.e. in the infrared)

the curly bracket is proportional to N — 1 which is the contribution of Goldstone
particles to the dynamics.

The exact infrared behavior is calculable and under complete RG control.
The results using the one-loop form for RG quantities agree with one chiral loop in
the approach of Gasser and Leutwyler, which should be no surprise to workers in
chiral perturbation theory. However, comparison of the two approaches becomes
tantalizing beyond one-loop. For example, unless the Goldstone contribution to the
A-function at two-loop order and beyond is zero, the field theoretic approach leads
to Inlnp terms and higher powers of lnp in contrast to the chiral approach which
is organized in powers of p?. Kuti and Liu continue work in this direction. They
have just completed the two-loop calenlation in the large Higgs mass limit, and a
publication is in preparation with further discussions. The problem is interesting
for scveral issues in addition to finite size scaling theory.

Chiral Perturbation Theory and Finite Size Scaling. As mentioned carlier, Gasser
and Leutwyler suggested that finite size effects coming from Goldstone bosons can
be described by chiral perturbation theory. A low energy cffective lagrangion,
which in lowest order is the non-lincar o-model, can be used for a systematic ex-
pansion of correlation function in powers of the momentum in an infinite volumne.
Finite volume lattice correlation functions at zero momentum are expanded in pow-
ers of 1/L%% where L is the lincar size of the lattice. The finite size behaviour of
sceveral observables were calculated, such as the Goldstone boson correlation func-
tion and the dependence of the ficld expectation value on small external sources.
The functional form of the theoretical prediction involves, in lowest order chiral
perturbation theory, only two low encrgy constants, namely the field expectation
value £ and the renormalized ficld expectation value, or pion decay constant F.
Both quantitics are defined in the infinite volume limit. They could be determined
successfully in numerical computations from the finite size behaviour of suitable
observables using the chiral perturbation expansion.

One surprising outcome of chiral perturbation theory is that not only can
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the finite size behaviour of the Goldstone modes be calculated, but so also can the
behaviour of the massive o-particle. Jansen and collaborators confronted the pre-
dictions of chiral perturbation theory for the longitudinal modes with very precise
numerical data obtained with the so-called cluster algorithin. They caleulated the
pscudo susceptibility, attributed to the longitudinal modes in the O(4) #* theory.
To describe the psendo susceptibility in chiral perturbation theory, one has to go
to the next to leading order in the chiral low energy lagrangian, which involves
new low energy constants in addition to ¥ and F. The constant Ay enters the
formula for the pseudo susceptibility . This parameter determines the logarithmic
dependence of T on an external source j in infinite volume. The next to leading
order computation in chiral perturbation theory involves terms of order p", where
p is the momentum, and on a finite lattice involves terms of order 1/L4.

Using renormalized perturbation theory Jansen, and collaborators showed
that the low encrgy constant Ay can be velated to the physical o-mass via the
renormalized quartic coupling. With the knowledge of Ag one can caleulate the
o-mass. As Ay is defined in infinite volume also obtains the infinite volume o-
mass. Using lattices from 41 to 181, Jansen and collaborators could extract Ay
and therefore'mgy with good precision in a theoretically well controlled way. They
also improved the analysis of the pion decay coustant F. This enabled them to
give precise values of the renormalized quartic coupling in infinite volune, These
values were compared to the work of Liischer and Weisz and very good agrecment
was found. It cven turned out that the numerical data beat the error bars of
the analytical calculation of Liischer and Weisz, at least in the coupling constant
regime Jansen and collaborators have investigated. In stmmary, the recent work
of Jansen and collaborators is a nice confirmation of their 635 GeV value obtained
carlicr for the upper bound on the Higgs boson mass.

The plans of Jansen and Kuti for next year include the investigation of the
effects of the regularization scheme and higlier dimensional operators on the Higgs
mass bound. A project with non-lattice regularization is planned, and the role of
dimension six operators will be investigated. Going beyond the O(4) approxima-
tion, a new effort will be made to determine the Higgs bound in the presence of a
heavy top quark.

2. THE HEAVY TOP QUARK BOUND
(IKarl Jansen)

Onc of the main points of interest in the research work of Jansen is the
nonperturbative lattice study of the electroweak interactions. After the very suc-
cessful determination of an upper bound for the Higgs boson mass in the pure

on this bound, or to obtain an npper bound for the mass of the top quark. A
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more general question for quantum field theory is whether the coupled system of
fermions and scalar fields may exibit a non-trivial fixed point, in addition to the
trivial Gaussian fixed point.

The study of these questions was initiated earlier in quenched simulations
of a chiral invariant scalar fermion Yukawa model with SU(2) @ SU(2) symmetry.
The model was suggested by Sinit and Swift as a lattice regularized version of
the Standard Model. The Smit-Swift model has been studied in the limit where
the gange ficlds are neglected (the gauge couplings are siall and they are treated
perturbatively). The model has in addition to the on-site Yukawa coupling between
the scalar and fermion fields, a Wilson coupling of a second derivative type, which
is similar to a Wilson term but maintains wanifestly the chiral invariance by
including the Higgs ficlds in the coupling. The phase diagram of the mordel was
found and the spectrum was calculated. It was shown that by choosing the Wilson
coupling w to be w = 0.5, the doubler fermions can be removed from the spectrum
while keeping the mass of the physical fermion small. In spite of this success, the
relation of the continunm limit of the Smit-Swift model at finite Wilson coupling
to the Standard Model is still an open question.

Recently Jansen and collaborators continued this work by an unquenched
large scale numerical computation for the phase diagram of the Smit-Swift model.
These computations were accompaniced by a mean field calculation which gave
important hints about the structure of the phase diagram. They found that the
phase diagram has a surprisingly complex structure and shows the following five
different phases:

Ferromagnetic phase: Here the syminetry is broken and the field expectation value
assuines a non-zero value. This phase corresponds to the spontancously broken
phase of the Standard Model. The spectrum contains a o-particle (the Higgs
boson, if gauge ficlds are included), massive fermions and massless Goldstone
particles.

Weak symmetric phase: Here the field expectation value as well as the fermion
mass are zero. The phase transition line separating the ferromagnetic from this
syminetric phase is of sccond order and here the continuum limit relevant for the
Standard Model has to be performed at this line.

Strong symmetric phase: Here the ficld expectation value is zero but the fermions
are found to be massive. r'he strong symmetric phase might have some relevance
for the construction of asymptotically free chiral mr-ariant gange theorics on the
lattice.

Antiferromagnetic phase: Here the ficld expectation value is zero but the staggered
field expectation value is found to be nonzero.

Ferrimagnetic phase: Here the field expectation value as well as the staggered field
cxpectation value are both nonzero.

Although the determination of the phase diagram can not give immediate
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answers to the above mentioned questions, it is a necessary prerequisite in the
understanding and further investigation of the Smit-Swift model. It should be
mentioned that in spite of the richness of the phase diagram, only a small part
of it is relevant for the Standard Model, namely the phase transitions separat-
ing the feiromagnetic from the symmetric phases. The physical relevance of the
antiferromagnetic and the ferrimagnetic phases is unclear.

Jansen and collaborators also aticmpted to obtain an upper bound on the
top quark mass in a similar way, as it could be done very successfully for the
Higgs boson. Neglecting the gauge fields, the upper bound was estimated in a
SU(2)®SU(2) fesmion Higgs mnodel on the lattice following the Smit-Swift proposal
for a lattice regularized version of the Standard Model. After the exploration of the
phase diagram of this model (sce also above) Jansen and collaborators concentrated
on the phase transition line separating the ferromagnetic from the weak symmetric
phase, which is the relevant phase transition for the Standard Model.

They found strong indications that the whole phase transition line helongs
to the universality class of the Standard Model (the Gaussian fixed point) and no
new fixed point appeared as was speculated in the literature earlier. The mean
ficld scaling laws for the ficld expectation value and the fermion mass were derived
and found to be consistent with the numerical data. The mean field exponents
agree with analytical predictions. The wave function renormalization constant was
determined from the low momentum behaviour of the Goldstone propagator and
therefore the renormalized Yukawa coupling was also determined.

A unitarity bound was calculated for the model under mnvestigation from
the J = 0 partial wave amplitude in the tree approximation which, gives a value
for the unitarity bound of the renormalized Yukawa coupling of roughly 0.63. The
renormalized Yukawa coupling was also calculated numerically at various values
of the bare couplings. It was possible to show that the renormalized Yukawa
couplings fall on a common curve and follow the perturbative 1-loop f function.
This is an additional hint that it is only the Gaussian fixed point which governs
the phase transition line. The results for the numerical data can be sunmumarized
as follows. The renormalized Yukawa coupling is bounded from above with a value
of the upper bound of y13** = 0.8(3), which within the error bars, is consistent
with the unitarity bound.

Jansen and collaborators also showed that in the scaling region, the ratio of
the doubler masses to the renormalized field expectation value can not be made
bigger than 1. This implies that the doublers remain in the physical spectrun in
the continuum limit of the model. Therefore the continuum limit performed at
the phase boundary between the ferromaguetic and the weak symmetric phase will
not lead to the Standard Model.

However, it was demonstrated carlier that at a finite Wilson coupling (w =
0.5) it is possible to remove the doublers from the physical spectrum if one ap-
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proaches the continuum limit. The open question is whether the continuum limit
at this point will give the Standard Model. Whether the Smit-Swift model is the
correct description of the Standard Model on the lattice will depend on the answer
to this question. Work in this dircction will be an important part of the research
program of Jansen in the future.

3. TIHHE IIEAVY TOP QUARK CONDENSATE
(Karl Jansen, Julius Kuti, and Yue Shen)

The experimental lower bound on the top quark mass is Q(100 GeV), im-
plying a relatively strong top quark-Higgs Yukawa coupling. Accordingly, the
tep quark might play a direct role in the symmetry breaking mechanism of the
Standard Model as discussed in several recent works. In the scenario suggested
by Nambu, and significantly strengthened by a detailed field theoretic analysis
of Bardeen, Hill and Lindner, the symmetry is broken“dynamically” through the
formation of a top quark condensate in analogy with the BCS, or Nambu-Jona-
Lasinio (NJL) mechanisin. No “fundamental” Higgs scalar is introduced. At low
energies the Standard Model emerges with some constraints leading to nontrivial
predictions. Most notably, the mass of the Higgs boson ((a “composite” particle in
this scheme) is related to the top quark mass which is of the order of the vacuum
expectation value (vev) of the condensate.

The main idea of Nambu, and Bardeen et al. was investigated by Jansen,
KKuti, and Shen, in collaboration with Anna and Peter Hasenfratz. A simplified
formulation was chosen where no gauge ficlds are present and only the top quark
is considered. The corresponding low encrgy model has U(1) chiral symmetry
replacing the SU(2) group of the standard model, and the top quark occurs in Ne.
species which is labeled as color, for simplicity. None of the basic conclusions are
expected to change, if gauge ficlds are included perturbatively.

Although the standard NJL-lagrangian is the simplest mathematical real-
ization of the top condensate idea in the formulation of Nambu and Bardeen ct
al., one has no physical reason to ignore other local terms in the lagrangian. These
terms should respect the symmetries and, in addition, the corresponding low en-
crgy theory should be in the universality class of the simplified Standard Model.
There are no other a priori constraints on the higher dimensional operators whose
relative strength will be determined by the unknown new physics at the cut-off
scale. Their couplings and engincering dimension can be arbitrary and should
not be treated as small perturbations with respect to the original NJL interaction
term. In fact, Jansen et al. demonstrated in detail that by adding two simple local
terms (one with dimension six and one with dimension eight) to the NJL-model
one recovers the physics of the full, unconstrained simplified Standard Model. The
simple, explicit mapping between the parameters of the generalized NJL-model
and those of the simplified standard model with U(1) chiral synunctry were dis-
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cussed in the published work. At physical scales, the generalized NJL-model is the
Standard Model in disguise.

Although the large N¢ limit was used in the analytic ealeulation of Jansen et
al. to show that the generalized Nambu - Jona-Lasinio model with chiral invariant
four-fermion interactions is completely equivalent to a renormalizable field theory
with interacting scalars and fermions, the result is expected to remain valid at finite
Ne¢. Thie equivalence is valid in the continuum region close to the critical surface
in the paramecter space of the bare lagrangian. This result is somewhat against
naive intuition, which would suggest that the NJL-model is a non-renormalizable
ficld theory with potential problems if one wants to take the continmum limit. In
fact, the continuum limit of the generalized NJL-model as its critical surface is
approached describes the Higgs-top quark sector of the standard model at any
physical momentum well below the cut-off.  To recover the three independent
parameters of the Higgs-top quark sector in the standard model (Higgs mass,
vev, top quark mass), one has to introduce at least two additional terms in the
lagrangian of the Nambu-Jona-Lasinio formulation.

The conclusions are not completely unexpected. In a recent paper, Suzuki
considered a specific modification of the NJL-model and found that the physical
predictions are sensitive to this change. It should be emphasized that the conclu-
sions of Jansen et al. is not simply that the predictions can be changed (which
leaves the door open for discussions on hiow large these changes can be), but it
is demonstrated that the two representations can be made completely equivalent.
Specifically for a given cut-off A (the threshold of new physics), any niyp /my ratio
which can be obtained in the Standard Model will be reproduced by the generalized
NJL-model. Since, up to a mapping of the parameters, the generalized NJL-model
gives the same Green's functions as the Standard Model, as a field theory it has
the same legitimacy concerning unitarity and other basic properties.

The discussion above indicates that it would he difficult to make a physical
distinction between a “fundamental” or “composite” scalar in this scheme. It is
casy to find examples showing that in field theory a distinction between funda-
mental and composite might be problematic. For example, in the d = 2 massive
Thirring-model the fermion is “fundamental”, while the scalar fermion-antifermion
bound state is “composite”. The model is equivalent to the sine-Gordon model,
where the same scalar would be considered fundamental while the fermion is a
soliton, therefore composite.

In their work Jansen et al.conclude as follows. The attractive idea to replace
the Higgs scctor which is based on an elementary scalar field with a four-fermion
interaction and its top quark condensate can be implemented in the large Ne limit
in a well-defined way. There is agreement with Nambu and Bardeen ct al. on this

point. Ifowever, Jansen et al. also find that the number of independent paramneters
in the general NJL framework is identical to that of the minimal standard model.
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The “compositeness” of the Higgs particle does not lead to any useful mass relation
with respect to the top quark. Also, the value of the top quark mass is independent
of the value of the top quark condensate. The presencce of the new terms destroys
the predictive power of the NJL framework. The new formulation of Nambu and
Bardeen et al., however, will serve as an interesting ficld theoretic example in
future cfforts to eliminate the clementary sealar sector of the standard model.

4. TIHE HEAVY TOP QUARK VACUUM INSTABILITY
(Julius Kuti and Yue Shen)

In renormalized perturbation theory the 1-loop top quark contribution to
the effective potential of the Higgs ficld ¢ has a negative sign and is proportional in
magnitude to y?*¢? In ¢ where y designates the Yukawa coupling. The fermion loop
contribution for large top quark asses could overwhelm the positive Higgs field
contribution which is proportional to \Z¢* lné (A designates the Higgs coupling
constant). The suggested vacuum instability mechanism, which was first proposed
by Krive and Linde, is not nccessarily a strong Yukawa coupling phenomenon.
As long as y2/) is large enougly, the Higgs vacuum could become unstable even
at small y values. To control the large In¢ factors, the RG improved effective
potential was used in later work with similar conclusions.

This picture has a very important practical consequence. It provides a
lower bound for the Higgs mass as a function of the top quark mass. Based on the
current bound on the top quark mass at 90 GeV from the Fermilab collider data,
one would predict that the Higgs particle has to be heavier than approximately
100 GeV to avoid the top quark induced vacuum instability.

Kuti and Shen this year extended their earlier lattice investigations of the
vacuum instability problem in the simplified system of a one-component scalar field
(Higgs particle) coupled to the heavy top quark by a Yukawa coupling. Earlier,
they developed a simulation technique to determine the constraint effective poten-
tial in a nonperturbative fashion. In their lattice studies IKuti and Shen were unable
to find any sign of vacuum instability in the simple model of the one-comnponent
scalar Higgs field coupled to a staggered lattice fermion. Somewhat surprisingly,
the fermion induced vacuum instability was not seen even at small bare Higgs and
Yukawa couplings where the RG improved renormalized perturbative picture was
cxpected to be reliable predicting the downturn of the effective potential for large
¢ and eventually falling below the energy minimum of the standard Higgs vacuum.

Kuti and Shen found the mathematical and physical explanation for the
absence of the vacuum instability phenomenon in the simple Higgs-Yukawa sys-
tem. First, they show that the bare Higgs coupling Ag cannot be chosen negative,
otherwise the functional integral of the partition function would be ill-defined
(the fermion determinant for large ¢ values could never compensate the run-away
cxp(—,\()q54) term for Ay < 0). Now for a given pair of bare parameters Ag, o
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and a cut-off A, one has a pair of renormalized couplings A = Mg, yo, A/pt),
v = y(\o, v, A/pt), defined at some low energy scale . The relation between the
bare and renormalized couplings is sketched in the figure
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where ¢ = In A/p, and initial conditions g = Mt = 0), yy, = y(t = 0) arc implicd;
Ny designates the number of fermion flavors. With arrows indicating the direction
of increasing A/ values any two points on a flow line, A and B for example, defines
a relation between Mg, yp (at A) and M Ao, vo, t), y(Ao, w0, t) (at B) for a given value
of A/j. Based on the RG flows the Higgs-Yukawa model exibits triviality: for any
bare couplings Ay, vy, the renormalized couplings A(t),y(t) vanish in the limit
A/jt — oo. Stated differently, if we fix A(t),y(t) at some low energy scale pr, the
ratio A/t must remain finite so that the cut-off can not be completely removed.
With two different flow patterns separated in the figure by the line /\/3/2 =78
(Ny = 8is appropriate in the staggered fermion simulations), the largest A/ ratio
at fixed A(t) and y(t) will be reached cither at Ay — oo, or Ag — 0, depending
on which side is chosen in the flow pattern for the low energy couplings. The RG
flows of the figure are reliable in the small coupling constant region. At strong
coupling, simulations are consistent with triviality, although the precise form of
the flows is not known.

IKuti and Shen then argue that at weak coupling, with the condition A\g > 0
and the RG flow qualitatively given by the figure, the effective potential can not
turn downward for increasing ¢ values and the Higgs vacuum will always remain
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stable. At the ¢ scale where the clfective potential turns downward in renormalized
perturbation theory, the cffective coupling A(t) becomes negative, in contradiction
with the A > 0 condition on the RG flows of the figure. Kuti and Shen performed
large scale simulations of the cflective potential in the Higgs-Yukawa model at
small bare couplings \g and yg. The simulation results are in perfect agreement,
with bare perturbation theory where the effective potential is a monotonically in-
creasing function of ¢ beyoud the original vacuum expectation value. For ¢/A < 1
the results there also agree with renormalized perturbation theory predictions. In
the region where ¢/A becomes O(1) the renormalized picture will produce a down-
turn, but cut-off cffects destroy the validity of this prediction. The importance
of triviality and the presence of an intrinsic cut-off in the model is obvious. The
absence of the vacuum instability picture was also confirmed by KKuti and Shen in
analytic large Ny calculation with the samne conclusions as discussed above.

It is important to emphasize that a lower bound for the Higgs mass at fixed
fermion mass is derived from the N > 0 condition with an intrinsic cut-off, so
that the vacuum instability lower bound is traded for a triviality lower bound. Tt
remains an interesting question to sce the details of the picture at strong Yukawa
coupling in the light of recent nmerical evidence for triviality in that region.
Also, the inclusion of the gauge couplings will have a qualitative effect on the RG
flows and the vacuum instability phenomenon could reappear. Plans for the future
include the investigation of those questions,
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D. SELECTED LATTICE TOPICS

In this part, results on a varicty of non-perturbative lattice investigations
arc reported. In subsection D1, a detailed study of the phase diagram in lattice
Higgs-Yukawa models is discussed by Jansen, Kuti, and Shen. The problem of
flavor anomalies in lattice electroweak models is commented on by Manohar in
subscction D2. Results on the finite size scaling analysis of the constraint effective
potential are reported by Jansen and Shen in subsection D3. In subsection D4, a
detailed field theorctic study of the resonance structure of the Lee model in a finite
box is described by Kuti and Liu. First results on the fractal dimension of critical
(‘t\\lustcrs in the @2 model are discussed by Jansen in subsection D5, A detailed
study of Goldstone bosons at finite tenmiperatures is reported by Jansen and Shen

ity subscction DG. Results on cluster algorithins and sealing in C'P(3) and C'I'(4)
mipdels are presented in subsection D7 by Jansen.

1. PIIASE DIAGRAM OF THE LATTICE HIGGS-YUKAWA MODEL

i

(Karl Jansen, Julins Kuti; and Yue Shen)

In the last few years several groups have made a considerable effort to study
thic Higgs-Yukawa model where a scalar field with O(N) symunctry is coupled to
fermions with Yukawa couplings. The main goal has been to investigate nonper-
turbative questions in the Standard Model with focus on the following points:

1. The phase diagram.  Analytic and simulation work has been done for
models with Z(2), O(2) and O(4) symmetrics. Lee, Shigemitsu and Shrock
studicd the Z(2) model at finite and infinite bare Higgs couplings (A). In
the model with hypercubic Yukawa coupling (Y), they find ferromagnetic
(FM), symmetric (SM), and antiferromagnetic (AFM) phases in the small ¥
region together with FM, AFM, and ferrimagnetic (F1) phases in the large Y
region. With a local Yukawa coupling, they find FM, SYM and AFM phases
in both the small and large Y regions. All phase transition lines were found
to be of sccond order. Hasenfratz, Lin and Neuhaus investigated the model
with O(2) symmetry with local Yukawa coupling and in the infinite bare
Iiggs coupling limit. They find a complex phase structure. In addition to
the FM, SYM, AFM phascs in the small and large ¥ regions, they find a FI
phase in the ¥ ~ 1.5 region. Also, in this region, they find special points
where three phases coexist. It was suggested that a nontrivial continuum
theory might be defined on these critical points. Bock et al. have studied
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the Smit-Swift model in the infinite bare Higgs coupling limit. The limit
of vanishing Wilson coupling (w = 0) is the Higgs-Yukawa model with
O(4) symmectry and local Yukawa coupling, Their phase dingram agrees
qualitatively with the results of Hasenfratz et al.

2. RG analysis. The RG behavior of the lattice Higgs-Yukawa model close
to the FM-SYM phase transition lines, and in the neighborhood of some
special points where several different phase transition lines moet, is of great
interest. By measuring the renormalized parameters as the model is tuned
to the critical point, and comparing with the behavior predicted by the
RG cquations around a Gaussian fixed point, one can determine whether
a nontrivial continuum limit can be defined at some special points in the
phase diagrain,

3. Upper and lower mass bounds. 1f the lattice Higgs-Yukawa model turns
out to be trivial, it will be interesting to determine cut-off dependent bounds
on the renormalized paramcter space and thus derive upper or lower hounds
on the Higgs mass in the presence of fermions. In part C, some results were
reported on the upper mass bound of a heavy fermion close to the I'M-
SYM phase transition line. The lower Higgs mass bound at fixed fermion
mass was also discussed there within the framework of the fermion vacuum

instability problem. There will he no further discussion on mass bounds in
this part.

Phasc Diagram at Finite and Vanishing A

Recently, in a study on the equivalence of the generalized Nambu-Jona-
Lasinio model and the standard model, Jansen, Kuti, and Shen, in collaboration
with Anna and Peter Hasenfratz, have calculated the phase diagram of the lattice
Higgs- Yukawa model with U(1) (O(2)) chiral symmetry in the large Ny (fermion
flavor munber) limit at A = 0. They find the phase diagram at A = 0 to be
very different from the A = oo limit. In the small ¥ region, the FM, SYM, and
ATM phases are clearly identificd. However, the phase transition line between the
SYM and AFM phases is found to be of first order. In the large Y region, both
the FM-SYM and SYM-AFM trausition lines are found to be of second order.
For intermediate Y values no SYM phase can be identified and the FM phase is
separated directly from the AFM phase. Also, ther s no FI phase. The results
of Jansen, Kuti, and Shen brings up the interesting question of how the phase

diagramn at A = 0 will merge, with increasing A, into the published picture of
carlier work at A = oo.

Jansen and Shen have extended the large Ny calculation, reported in the
previous paragraph, to the small but finite A region. They found the phase diagram
to be qualitatively sitnilar to the A = 0 case. In the small ¥ region, the SYM-
AFM phase transition line is of second order. However, both the FM-SYM and
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SYM-AFM transition lines end on the first order phase transition line separating
the SYM and AFM phases in the small Y region, and the FM and AF'M pliases in
the intermediate ¥ region. The whole FM-SYM transition line is expected to be
in the domain of attraction of the Gaussian fixed point at zero Higgs and Yukawa
couplings. No special second order critical point was found where one could define
a nontrivial coutinuum theory, In the large Y region, there are second order FM-
SYM and SYM-AFM traunsition lines, similar to the A = 0 case. No FI phiase was
found by Jansen and Shen within the region of applicability of their ealenlation,
Small Y and A expansions and mean-field caleulations lead to the same consistent
picture. The numerical simulations of Jansen and Shen for small A values agree
very well with the large Ny caleulation, not only for the location of the phase
transition lines, but also for the numerical values of the global magnetization and
staggered magnetization. Even up to A = 1 (which is a relatively strong coupling
constant in the A\¢? interaction term) the observed phase dingram is qualitatively
unchanged. At large \ values (A = 10, 00), the numerieal simulation hecomes very
time consuming. The limited results still indicate that there are strong signals for
first order phase transitions. These results ave in disagreement with the existing
liternture. However, Lo determine the loeation of the first order phase transition
lines and to resolve the existence of a FI phase would require substantially more
computer time. Jansen and Shen plan to continue this work in the large A region,

RG DBchavior Close to the FM-SYM Phase Transition Line

Bock et al.have done substantial numerical simulation work on the RG he-
havior close to the FM-SYM phasc transition line in the O(4) liggs-Yukawa model,
Their finding is that there is no indication of a nontrivial fixed point. However,
to observe the logarithimic dependence on the cut-off of the renormalized parame-
ters as dictated by the Gaussian fixed point is probably beyond available computer
power. Jansen and Shen have developed a theoretical method that iay predict the
value of the renormalized parameters close to the FM-SYM phase transition line.
The method is based on the observation that, if the Yukawa coupling is small, the
fermions can be treated as a small perturbation to a pure Higgs system. The effec-
tive potentinl of the Higgs-Yukawa system (U(¢)) can be written as the exact pure
Higgs potential (U (¢)) plus a finite shift (AU(4)) due to the contribution from
the fermions. AU(¢) is proportional to Y2 and can be expressed in terms of the
exact pure Higgs Green’s functions. Uy (¢) and the pure Higgs Green’s functions
can be measured from a simulation of the pure Higgs system which is much easier.
The FM-SYM phase transition line can be derived from this formulation and the
preliminary results show good agrecment with the numerieal results of Bock et al.
Further tests of this method are planned and the renormalized parameters will be
calculated and compared with the numerical results.
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2. ANOMALIES AND THE STANDARD MODEL ON THE LATTICE

(Ancesh Manohar)

There hiave been some recent numerical simulations of the Smit-Swift scheme
to put the standnrd model on the lattice, which indicate a region of the phase
dingram where there are light chiral fermions, with doublers at the cutoff. 1t is
not clear whether the scaling behavior of the theory in this region of the phase
diagram agrees with the perturbative scaling behavior of the standard model,
Some results were reported in part C, in relation to the issue of large mass trivinlity
bounds in the Higgs-Yukawa system, It was argued recently by Banks that the
theory could not be the standard model because it does not correctly reproduce
the global anomaly structure of the standard model, In particular, he argued that
the standard model has a baryon number-SU(2)? anomaly, which is not present
in the Iattice theory, sinee there are no anomalies on the lattice. Dugan and
Manohar have shown how it is possible to resolve this discrepancy. There are
several possible lattice definitions of the baryon number current, which have the
samic naive continuum limit, but can differ from cach other by a local counterterm
in an interacting field theory, The current constructed by Banks corresponds to the
conserved but gange varinnt current cvrrent B 4 KM Thus the anomaly structure
does not prove that the lattice theory is not the standard model. However, the
analysis is rather indirect, and the situation is not resolved yet. The problem is
being studied in more detail.

3. CONSTRAINT EFFECTIVE POTENTIAL IN A FINITE BOX
(ICarl Jansen and Yue Shen)

Recently, there has been renewed interest in the precise shape of the con-
straint cffective potential in a finite box. The significance of this problem originates
from cfforts to obtain an accurate heavy Higgs mass bound in the minimal stan-
dard model. Although the related Higgs mass bound search was reported in part
C, a more detailed technical analysis of finite size cffects in the constraint effective
potential is given here. As in the general finite size scaling analysis of models with
spontancous symunetry breaking, two different approaches can be applicd.

Chiral Perturbation Theory

/

The use of chiral perturbation theory to describe finite size effects in theories
where Goldstone bosons arise proved to be very successful in applications to ¢
theorics in d = 3 and d = 4 dimensions. Results related to the heavy Higgs mass
bound were reported in part C. Recently Gockeler snd Leutwyler extended this
technique to calculate the finite size behaviour of the constraint effective potential.

To test the applicability of chiral perturbation theory for the constraint
effective potential, Jansen and collaborators determined the distribution of the
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mean magnetization in the scaling region by using the very efficiont cluster al-
gorithm for the O(3) model in d = 3 dimensions and the O(4) model in d = 4
dimensions on lattice sizes up to 963 and 161 respectively. Since the constraing
cffective potential is proportional to the logarithm of this distribution, they could

confront the predictions of chiral perturbation with precise numerical data. The
otttcome was the following.

In d = 3 dimensions, the constraint cffective potentinl is determined by only
two infinite volume low encrgy constants, namely Z (field expectation value), and
F' (renormalized ficld expectation value). F and © are known from earlier work
and were fixed to these values. The expansion parnmeter of chiral perturbation
theory is F2L. The attempt to describe the constraint effective potentinl by using
only lowest order chiral perturbation theory failed. Significant deviations between
the data and the theoretical prediction were found., However, when the next to
leading order connection is taken into account, the data are well described by the
theoretical curve for values of the expansion parameter F2L > 5. Only on the
largest 96% lattice with F™2L ~ 19 was the lowest order accurate enowugh for a good
representation of the data.,

In d = 4 dimensions, lowest order chiral perturbation theory already con-
tains a new low energy constant, the scale parameter Ay Although one has the
disadvantage of the appcarance of a new free paramncter, it turned out that in
d = 4 dimensions, lowest order chiral perturbation theory gives a good description
of the data for F2L? > 6. The next to leading order term was estimated to be a
negligible correction. It turned out, however, that by using values for the position
of the mininuun, T of the constraint cffective potential from the literature (F and
Ay were fixed to known values), the theoretical curve and the data did not agree.
Thercfore, the value of £ had to be fitted directly from the constraint cffective
potential, One may turn this around to say that the constraint effective potential
is a very precise way to determine L.

Ficld Theory Analysis

In the earlier work of Kuti, Lin, and Shen to determine the upper bound
on the Higgs mass in the O(4) model, the constraint cffective potentinl (U(¢))
was used to calculate the renormalized mass and coupling constant. Renormalized
perturbation theory in a finite box, improved by the renormalization group in the

infrared, was developed to calculate the finite size effects of U(¢) and other Green's
functions.

Jansen and Shen used an efficient method to simulate the constraint effec-
tive potential developed by Kuti and Shen a few years ago. The first derivative of
U(@) can be measured accurately using this method. The renormalized mass and
coupling constant are measured accurately using the cluster algorithm. U(4) is
calculated and compared with the measured values using the renormalized param-
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cters as input in both renormalized perturbation theory and chiral perturbation
theory, The simulations are done for a fixed mean field value ¢ and different
volumes V = L1, Jansen and Shen find that very close to the minimun of the of-
fective potential v (¢/v — 1 ~ O(1/L*v?)), both renormalized perturbation theory
and chiral perturbation theory results agree quite well with the numerical results,
However, away from the minimumn, while the one-loop renormalized perturbation
resilts agree with the data, predictions from chiral perturbation theory show sig-
nificant differences. It is yet to be determined whether this difference is due to the
truncation of chiral perturbation theory at lowest order in ¢ — v, or due to Higgs
loop cffects.

In the work of Gockeler and Leutwyler to calculate the constraint effective
potential, U(4) is not directly obtained from chiral perturbation theory. Instead,
they calculated a C-function which is directly derived in chiral perturbation the-
ory and then obtained U(¢) vin a Laplace transform. For a range of ¢ values this
Laplace transformation is not convergent and an arbitrary cut-ofl had to be im-
posed. Although it was argued that the bad behavior of the Laplace transform is
due to the truncation of the I'function in lowest order chiral perturbation theory
and the result for U(¢) does not strongly depend on the value of the cut-off it is
important to test this result against some caleulation derived from first principles.
The O(N) constraint cffective potential can be caleulated exactly in the large N
limit. In this limit U( g is obtained for any ¢ > v values and any volume sizes.
Then the limits when L*(¢/v — 1) is fixed, L — co and ¢ fixed, L -+ co are exam-
ined. Agreement with the results from chiral perturbation tlmory in the large N
limit are found for both the L = oo limit and the leading L dependent corrections.
In addition, the next order correction to the leading chiral perturbation result is
calculated.

Calculating the finitc volume dependence of U(4) for ¢ < v is a challenging
task. Bascd on the singular behavior of the I-function, chiral perturbation theory
predicted that as I — oo, U(¢) — O(1/L*) for ¢ < v. 1t will be interesting to see
if the large NV calculation can reproduce this result.

4. RESONANCE PICTURE IN A FINITE BOX
(Julius Kuti and Chuan Liu)

The theory of encrgy levels with resonance structure in a finite box was
worked out in the 1950’s within the framework of potential scattering. In the 1960's
Shiff, Kuti, and others had applicd the theory of encrgy level shifts in a finite box
to quantum ficld theoretic problems. The main idea at that time was to determine
the energy level shifts compared with their continuum value from some variational
calculation and determine the phase shifts of two-particle scattering amplitudes
from the level shift formula. Recently, Liischer independently derived and extended
the earlicr results on cnergy level shifts in a general field theoretic framework.
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The resonance structure in a two-channel potential model was studied recently by
Wiese. The renewed interest in the old problem is motivated by large scale lattice
QCD simulations and the simulation of the Higgs sector in the minimal standard
model. The resonance paramecters of hadrons together with the determination of
low enecrgy phase shifts from a QCD calculation and resonance properties of a
heavy Higgs particle are of considerable interest.

Kuti with graduate student Liu solved the Lee model in a finite box in the
bare parameter range of the model where the V-particle becomes a resonance in
the continuum. The calculation is a detailed ficld theoretic example of resonance
structure in a finite box including renormalization effects. Kuti and Liu were able
to derive exact results for the energy levels as a function of the linear box size L.
Thie V-particle can be clearly identified in the resonance structure of the energy
levels which is similar to what was known earlier in potential scattering. As L is
varied, the energy levels of N — © two-particle states change smoothly, but close
to the resonance mass of the V-particle, the levels exibit a typical level-crossing
phenomenon: they attract each other, and then split again. The shape of the
cnergy levels determines the resenance structure including the mass and width.
[Cuti and Liu plan to investigate the resonance parameters of a heavy Higgs particle
in the minimal standard model using the technique of finite box resonance theory
in a large scale simulation. ‘

FRACTAL DIMENSION OF CRITICAL CLUSTERS
(KKarl Jansen)

The recent, developiment of non-loeal cluster algorithims for Ising models and
spin models with a continnous global symmetry have resulted in a great deal of
activity. The technique reduces critical slowing down dramatically and therefore
allows one to obtain very precise data even close to the critical point. Beside this
more technical advantage, the clusters that are constructed during the updating
process are percolation clusters (Coniglio-Klein or Fortuin-Kasteleyn clusters) and
have a direct physical meaning. They start to percolate at the critical point of
the underlying model, and the physics of the clusters should be describable by
pereolation theory. Roughly speaking, the clusters can be associated with the
droplets in the droplet picture of phase transitions. Properties of clusters should
therefore be convertible into properties of phase transitions.

One quantity characterizing clusters is the fractal dimension. If s is the
number of sites in tho cluster (xts mass) and R the radius of gyration of the
clusters then s ~ RY where dy is the fractal dimension of the cluster. It was
suggested that at the critical point the fractal dimension dy of the then critical
clusters can be expressed by the critical c*(pom‘nfq Bandv,df =d- /3/1/ where
@ is thc L,UHLCI sioii of the om sealin

ng
builds one connection ctwcen ﬁcld theory and percolation thcmy
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Janscen and Lang determined for the first time the fractal dimension in the
0(4) d>4 theory in four dimensions. They calculated the pseudo critical points on
Inttices ranging from 81 to 281, Performing high statistics runs at these points
they were able to get a value for the fractal dimension dy = 3.06(G). This valuc
agrees very well with the theoretical prediction if one takes the known values of
g = 0.5 and v = 0.5 for the O(4) model.

In the same work, Jansen and Lang were also able to determine the dy-
namical critical exponent of the cluster algorithm in its one-cluster version. This
exponent describes how fast the autocorrelation time grows with increasing lattice
size, if one is at the critical point. They found no increase of this exponent from
the 81 to 281 lattices. This implics that the exponent is either very small, or the

autocorrelation time grows logarithinically with the lattice size as suggested in the
literature.

6. GOLDSTONE BOSONS AT FINITE TEMPERATURE
(ICarl Jansen and Yue Shen)

The excitations of the O(3) non-linear o-model are believed to form a mas-
sive isotriplet. The mass of this multiplet is proportional to the renormalization
group invariant scale-parameter of the model. It has been a challenging and long-
standing numerical problem to determine the connecting factor between the mass
gap and the scale-paraineter. The existing munerical results do not agree very well
with the exact prediction. In a direct numerical study in d = 2, the mass gap was
investigated as a function of the unphysical bare coupling. The scaling region, the
coupling constant dependence of the scale-parameter, ecle. depend on unphysical
details like the form of the action and the regularization.

There exists a rather different way to approach this problem. It has heen
shown recently that the connecting factor which enters between the d = 2 mass
gap and the scale-parameter in the MS-scheme determines, at the same time, the
termperature dependence of the Goldstone boson mass in d = 2 + 1 at low tem-
peratures. This temperature dependence is expressed solely in terms of physical
quantitics (temperature and low energy physical parameters) without any refer-
ence to a specific action or regularization. Therefore, the study of the temperature
dependent Goldstone boson mass in d = 2+ 1 offers an interesting new way to pin
down the d = 2 mass gap.

Jansen and Shen, in collaboration with Dimitrovi¢ and P. Haseufratz, cal-
culated the finite temperature mass gap exactly within the framework of the large
N model. They showed that their solution is in agreement with the existing so-
lution by Hasenfratz and Nied~rmayer for arbitrary V. The calculation therefore
supports the somewhat indirect arguments leading to the carlier results of Hasen-
fratz and Niedermayer in the literature. In addition, Jansen, Shen, Dimitrovi¢ and
P. Hascnfratz were able to estimate the finite cut-off cffects in the large-N limit.
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A numerical computation of the finite temperature mass gap for the O(3)
casc was also perforined. By the comparison of theoretical predictions and numer-
ical data, a similar discrepancy was found as in the direct 2-dimensional measure-
ment of the O(3) mass gap. Therefore, a convincing numerical confirmation of the
theoretical predictions is still missing.

7. CLUSTER ALGORITIIMS AND SCALING IN CP(N) MODELS
(Karl Jansen) |

Two-dimmensional CP(N — 1) models are in many respects similar to foar
dimensional gauge theorics. They have a nonperturbative mass gap, are asymp-
totically free, and develop a nontrivial vacuum structure. They even have a U(1)
gauge symimctry, which is, however, more of geometric than of dynamical origin.
For these reasons the CP(N — 1) models have been subject to many investigations
since their invention.

Because of their similarity to spin models (the CP(1) model is equivalent
to the nonlinear o-model), it is natural to ask whether one can also use cluster
algorithms for CP(N — 1) models. These algorithms were found to be very suc-
cessful in spin models in reducing critical slowing down. Due to the local gauge
symmetry of the CP(N — 1) models it might be even possible to learn something
about cluster algorithms for gauge theories.

CP(N —1) models have been extensively studied in 1/N caleulations. How-
ever, the validity of this approximation for CP(N — 1) for finite values of N, which
one is mainly interested in, is unclear. To test whether one can use the predic-
tions of large-IV at finite N, Jansen and Wiese have chosen the CP(3) and CP(4)
models. They calculated the mass gap and the topological susceptibility 1 the
scaling region of the theory. They found good agreement with the large-N scaling
prediction for both quantities. In particular, they could not detect problems with
dislocations (siall size instantons) as is the case for CP(1) and CP(2). Thercfore
large-N appears to be a good tool to describe the physics of CP(N — 1) models.

Jansen and Wicse also constructed and tested cluster algorithms for CP(N -
1) models. They found, however, that the cluster algorithm does not work for
N > 2. They compared their cluster data for the autocorrelation time with a
local Metropolis algorithm and found in both cases that the dynamical critical
cxponent is 2. Both algorithms perform equally well. They attributed this failure
to an argumncnt recently given by Sokal, who suggested that the cluster algorithm
must have codimension 1 to reduce critical slowing down. In the case of C'P(N —1),
however, the codimension is 2 for N > 2. The CP(N — 1) model can serve as an
example for the validity of Sokal's codimension 1 argument. Of course, the need
for improved algorithms in CP(N — 1) is as desirable as ever.
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E. SOME EARLIER RESEARCH TOPICS

In this part some earlier rescarch topics which are not directly related to cur-
rent work are bricfly described. In subsection E1, rare decay modes of the ZV vee-
tor boson are analyzed by Manohar. In subsection E2, parity odd spin-dependent,
structure functions arc discussed by Jenkins. Electroweak one-loop corrections to
the top quark mass arc reported by Jenkins and Manohar in subsection E3. A
supersymmetric model with the Higgs as a lepton is reported in subsection E4
by Nelson. In subscction ES, chiral charge oscillation in the Schwinger model is
discussed by Manohar. In subsection EG, some critical remarks related to ecarlier
work on the clectric dipole moment of the neutron are described by Manohar. In
subscction E7, several years of carlier involvement in the DOE Grand Challenge
Program of very large scale supercomputer applications is reported by Rossi who
joined Thinking Machines Corporation in 1990 after four years at UCSD as a re-
scarch associate. Some 17sults on lattice QED are reported by Rossi and Sloan in
subscction E8.

1. RARE DECAY MODES OF THE z VECTOR BOSON
(Ancesh Manohar)

Manohar has computed the rate for the rare Z decays ZV o 4% and
2V o wta~. The decay amplitude can be computed using the operator produet
expansion. The analysis is similar to that for electroproduction. In electroprodue-
tion, the kinematic variable w = 1/x = —=2p - ¢/q% varics between 1 € w < co in
the physical region. In the case of Z decay, the two body kinematics fixes w to
have the value sin? 6. The decay amplitude can be expressed as a power serics
in w? = sin’ By =~ 0.07 < 1, which acts as the small expansion parameter. Only
the first term in the operator product expansion is relevant, in contrast to clectro-
production where all the terms in the scries are important. The decay amplitude
is calculable in QCD, because the first term in the operator product is the axial
vector current, whose matrix element is known to be Fr. The same methods can
also be used to compute the amplitude for m# — 4* (k1) 4+ v*(k2) in the kinematic
region

2 2
w = 25.1——;‘—.2- <1
kf+kﬁ

This generalizes an old result of Brodsky and Lepage.
L. Randall and Manohar computed the decay rates for 20 — + technipion,
a process previously studied by several authors. In many technicolor models, the
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decay rates are much larger than the sensitivity of the LEP experiments. This
was not noticed before because of a numerical error, and because the simplest
technicolor models have a decay rate which is just at the limit of sensitivity of
LEDP. It should be relatively simple to scarch for these decays at LEP. This should
rule out most technicolor models which have light pscudogoldstone bosons.

2. PARITY ODD SPIN-DEPENDENT STRUCTURE FUNCTIONS
(Elizabeth Jenkins) |

Jenking pointed out that new parity odd spin-dependent structure fune-
tions are measurable in deep inclastic lepton seattering from polarized hadronic
targets of arbitrary spin. Odd parity structure functions arise from the exchange
of clectroweak gauge bosons since the weak interactions do not conserve parity.
These odd parity structure functions are not suppressed relative to the even par-
ity structure functions (which are relevant for electroproduction) at Q% of order
the clectroweak gauge boson masses squared. These new distribution functions
arc related via sum rules to proton matrix clemeuts of local operators, and thus
provide additional information about proton structure which cannot be measured
using purcly electromagnetic interactions. The parity even structure fuuctions
forin towers of irreducible tensor operators under the rotation group. The par-
ity odd structure functions fill in the “gaps” in these irreducible tensor operator
towers, and therefore provide a more complete understanding of the proton’s strue-
ture. They should be measurable in deep inelastic scatiering experiments to be
perforimed in the near future at machines such as HERA.

3. RADIATIVE CORRECTIONS, TOP MASS AND LEP DATA
(Elizabeth Jenkins and Ancesh Manohar)

Radiative corrections to electroweak quantities measured recently al LED
(the 2% mass and leptonic width) were calculated using an eflective theory for-
malismn which simplifies the standard analysis. [The 2" mass had been studied
previously using this method by Marciano.] With this new formalism, Jenkins and
Manohar showed that the only radiative effects which must be retained (given cur-
rent experimental accuracy) are the p paramceter contribution from the top quark,
and the renormalization group evolution of the electronagnetic coupling constant
between low energics and the electroweak scale. Other cffects, such as finite picces
and Higgs boson contributions are no larger than the uncertainties in the scaling
of a. At the time the paper was written, the central value for the leptonic width
from LEP was such that a factor of two improvement in the mecasurciment of the
leptonic width would have provided an interesting lower bound on the top quark
mass. Since then, the LEP error bars have decreased by a factor of two, but un-
fortunately their central value changed by 2.5 standard deviations. With the new
central value, there is no longer a lower limit, only the old upper limit of around
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230 GeV for the ¢t mass. [This can be improved somewhat by also including iow
energy necutral current scattering data, as done by Langacker.]

4, SUPERSYMMETRIC MODEL WITH TIIE HHIGGS AS A LEPTON
(Ann Nelson)

Supersymmetry may be necessary in unified theories in order to keep the
Higgs Boson, and the weak scale, naturally light compared with the scale of Grand
Unification. One of the most appealing features of supersymmetry is the unifica-
tion of boson and fermion fields. However supersymmetric models have been rather
disapointing, requiring the introduction of many “Higgs” ficlds in addilion to the
matter ficlds, whose only purpose is to break the GUT and weak gauge symme-
trics. Attempts to unify the scalar fields responsible for symumetry breaking with
the known fermion fields have been phenomenological failures. The main difficul-
tics have been unaceeptably fast proton decay, no mass for the charge 2/3 quarks,
and unacceptable patterns of symmetry breaking.

Grand Unification of the low cnergy gauge group into SU(B)S @ a permu-
tation symmetry is less restrictive than unification into simple groups such as I,
while suiccessfully predicting the weak mixing angle, charge quantization ete. In
particular there are two allowed types of renormalizable F-term couplings, if the
three families of ordinary quarks and leptons are contained in three “27's”, where
cach 27 is a (3,3,1) ® (3,1,3) @© (1,3, 3) under the gauge group. It is possible
to accomplish both the breaking of SU(3)? to SU(3) ® SU(2) ® U(1) and the
subsequent clectroweak symmetry breaking with vevs of the scalar components of
these ficlds, although it may be necessary to inclide nonrenormalizable terms in
the superpotential (suppressed by inverse powers of the Planck mass) or additional
superficlds such as a (8,1,1) e (1,8,1) B (1,1,8) in order to favor the desired pat-
tern of symumetry breaking. The most exciting feature of the model is that it is
nccessary to violate R parity in order to give.mass to the quarks and leptons, but
it is possible to choose a superpotential which will have low energy baryon number
conservation, ensuring the meta-stability of the proton. It is not possible to avoid
lepton number violation at the supersymmetry scale, and the phenomenology of
lepton violation is related to the pattern of quark and lepton masses. The anount
of lepton number violation is acceptably small, being proportional to the sinall
lepton masses. In summary, this theory appears very cconomical and promising,
however the details of the phenomenology remain to be worked out.

5. CIHIRAL CIHHARGE OSCILLATION IN SCIIWINGER MODEL
(Ancesh Manohar)

The Schwinger model has been a useful tool to study baryon number viola-
tion at high temperatures in the standard model. Chiral charge in the Schwinger
model plays the role of baryon number in the standard model. Shifman and
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Voloshin, and Arnold and Mattis have shown that high temnperature chiral charge
violation occurs at a rapid rate, i.c. it is not suppressed by any instanton tun-
neling factors. They did this by bosonizing the theory, and solving the equations
of motion for the bosonic degrees of freedom. Their result was rederived in an
clementary way in two lines, using Maxwell's equation and the axial anomaly.

6. ELECTRIC DIPOLE MOMENT OF THE NEUTRON
(Ancesh Manohar)

S. Aoki and A. Gocksch recently published a paper computing the neutron
clectric dipole moment using the lattice. There are many subtletics in this cal-
culation which were not fully appreciated, and which were analysed in a recent
paper by Aoki, Gocksch, S. Sharpe and Manohar. The results of Aoki and Gocksch
turn out to be a lattice ariefact. The calculation was done by rotating the §FF
term into a CP violating mass term, using the chiral Ward identities, Connected
diagrams with an insertion of the CP violating mass were then computed. The
axial rotation is not a synunectry if one includes a Wilson term in the action. If
the effects of this are taken into account carefully, it is possible to prove that the
connected diagrams give zero. Thus the Aoki-Gocksch result was a lattice arte-
fact arising from the Wilson term. To do the calculation correctly would involve

calculating the disconnected diagrams. This makes the nunerical calenlation far
more diflicult.

7. DOE GRAND CHALLENGE PROGRAM
(Pictro Rossi)

Pictro Rossi, who joined Thinking Machines Corporation in 1990 after four
years at UCSD as a rescarch associate, was involved for several years in the DOE
Grand Challenge Program of very large scale supercomputer applications. The
main thrust of Rossi's rescarch program had been, within the DOE Grand Chal-
lenge project, a very large scale simulation of lattice QCD with dynamical feriions.
In the early phase of the project the ETA-10 supercomputer at SCRI was used for
production runs. Last yecar SCRI replaced the ETA-10 by the Connection Machine
2 which proved to be a very cflicient computing engine for the Lattice QCD Grand
Challenge Project. Considerable effort has been invested in porting the programs
to the CM-2 machine and optimizing the performance on the new architecture.
The participation of Rossi in code developments for both machines had been very
important and productive. His contribution has been mainly in developing the
high level part of codes and all the associated algorithmic issues. The goal has
been to simulate Wilson and Kogut-Susskind fermions on lattices as large as 324
and obtain a performance in excess of 5 Gflops.

Some of the main physics highlights of the project are as follows. Simula-
tions with dynamical fermions made the hadron spectrum available on lattice sizes
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which were considered very large in quenched simulations a few years ago. The
results are closer to the expectations of contintun physics, but finite volume and
cut-off effects are still under investigation. The chiral pliase transition at finite
temperature was also studied on large lattices and closer to the continuum limit.
Glucballs and topology were investigated with light quark flavors.

8. LATTICE QUANTUM ELECTRODYNAMICS
(Pictro Rossi and John Sloan)

Moute Carlo studics of non-compact lattice quantum electrodynamics by
Dagotto, Kocic and Kognt have shown that there is a sccond order chiral symme-
try breaking transition at strong coupling. Several groups have studied the clee-
tron mass gap equation in the quenched ladder approximation (called the rainbow
equation) for continuum QED and contend that this transition corresponds to a
non-trivial strong coupling fixed point. There is much disagreement, however, over
whether the bhehavior predicted by the continunm caleulations is exhibited in the
numerical results, i.c. whether the ladder and/or quenched approximations are
too severe. If the coutinuum results are correct, then, above the critical point,
the operator (10)? has scaling dimension four (rather than its naive dimension of
six), and could be renormalizable.

Rossi and Sloan had been studying strong coupling lattice QED. They in-
vestigated the validity of the ladder approximation in quenched QED. To do this,
they generalized the rainbow equation to the lattice, and compared its solution to
the results of o quenched Monte Carlo calculation at various values of hare mass
and coupling. It was found that, on an 84 lattice, the curves < gih > vs. e at fixed
m were qualitatively similar. It was noticed, however, that the curves < ip > vs.
m at fixed e have qualitative differences between the Monte Carlo and rainbow
results. This may be due to a difference in finite volume cffects, or it may indicate
that the ladder approximation does not predict the right critical behavior.

Sloan had been working with the Hlinois group (Simon Hands and John
ICogut) to develop a fincarized version of lattice QED (LQED), in which the trans-
verse photons couple linearly to the fermions (rather than as a phase). The basic
idea is that the gauge ficld is split into transverse and longitudinal components,
then the transverse component (defined by 0 - Ap = 0) is invariant under the
gauge transformation A/ — Al 4+ 0M¢p. This means that one can replace the
fermion bilincar 1/;x+,.e"““’1"t,b,; by a term linear in A, i.c.

- , . "
‘/‘:n+;l (1 + lCﬂA!;'x) CYMAL”/':M

and exact gauge invariance is still maintained. Note that this is equivalent to
adding gauge invariant, irrelevant (i.e. dimension five and higher) operators to
the normal non-compact lattice QED action. Sloan and his collaborators have
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investigated the behavior of quenched LQED, and found behavior which is similar
to, but slightly closer to mean ficld than the normal non-compact model.
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[4] CONFERENCE TALKS

Invited talks listed for the time period of three years:

. J. Kuti, The Heavy Higgs Meson Problem, Invited mini-rapporteur talk

at the XXIV International Confere, ¢ on High BEuergy Physics, Muanich,
August 4-10, 1988.

J. Kuti, Non-perturbative Lattice Study of the Electroweak Model with
Dynamical Fermions, Plenary talk given at the 1988 Fermilab conference
on Lattice Ficld Theory.

L. Lin, Finite Size Scaling Analysis of the Higgs Mass Bound in the
0(4) Approximation, Invited talk given at the 1988 Ferailab conference
on Lattice Field Theory, September 22-25, 1988.

. P. Rossi, Chiral transition in the SU(2) Higgs Model with dynamical

fermions, Invited talk given at the 1988 Fermilal conference on Lattice
Field Theory.

Y. Shen, Study of the ¢'-model with Yukawa coupling and dynamical
ferinions, Invited talk given at the 1988 Fermilab Confercuce on Tattice
Field Theory.

A. A. Migdal, Dynamically triangulated random sutfaces, Plenary talk
given at the 1988 Fermilab conference on Lattice Field Theories.

A. A. Migdal, QCD Loop Dynamics, Invited talk given at the 1988 Fermilah
conference on Lattice Ficld Theory.

J. ¥oti o The Heavy Higgs Meson and Top Quark Problem, Invited review
talk at the 1990 DPF Meccting, Houston, Texas.

. J. Kuti, The Heavy Higgs Meson and the SSC, Invited talk at the Mecting

on Theoretical Idecas Beyond the Standard Model, SSC Laboratory, Dallas,
Texas, May 27-30, 1990.

A. Manohar, Neutral Current Matrix Elements of the Nucleon, Invited talk
at the Workshop on Parity Violation in Electron Scattering, February 1990.
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. A. Manohar, The g; Problem:: Much Ado About Nothing, Invited talk at
the Polarized Collider Workshop, Penn State, November 1990).

A. Manohar, Strange Matrix Elements of the Nucicon, Invited talk at the
Workshop on Accelerator Basced Low Encrgy Neutrino Pivsics, Los Alamnos,
January 1991.

A. Manohar, Discrete Syminetries and Solitons, Invited tulk given at the
14th International Warsaw Mecting on Elementary Particl: Dhysics, May
27-31, 1991.

A. Nelson, Off the Wall Baryogenesis During the Weak Phase Transition,
given at the Aspen workshop on Electroweak Physics, July 1990.

. A. Nelson, Low Energy Solutions to the Strong CP problem, Invited talk
given at the Santa Fe Workshop on QCD, August 1990.

A. Nelson, Baryogenesis at the Weak Phase Transition, Invited talk given
at the 14th International Warsaw Meeting on Elementary Particle Physics,

May 27-31, 1991.

D. Kaplan, Flavor Mixing in Composite Models, talk presented at the 1oth
Johus Hopkins Workshop (1988).

D. Kaplen, Qualitons, talk given at The Santa Fe QCD Workshop, Ang,.
1990.

D. Kaplan, Spontaneous Baryogenesis at the Weak Phase Traunsition, talk
presented at Workshop on the Weak Phase Transition (May 16-18, 1991),
The Institute for Advanced Studics.

Y. Shen, Lower Bound on the Higgs Mass in the Presence of a Heavy
Top Quark, talk presented at the International Conference on Lattice Field
Theory, LATTICE'90, Tallahassce, Florida, October 1990.

I{. Jansen, Phase Diagram and Bosonic Propagators in a SU(2)@SU(2)
Scalar Fermion Model from Unquenched Monte Carlo Simulation, talk
presented at the International Conference on Lattice Field Theory,

LATTICE'90, Tallahassce, Florida, October 1990.
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