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Under this contract, research has been performed on both the theoretical 

and experimental properties of elementary particles, A brief description of 

work which has either been completed or Is in progress is given below:

KX_PKR]MENT 

MULTI PART I Cl,K SPF,CTROMKTKk PROGRESS 

The analysis of data from two experiments at the Multiparticle Spectrometer 

(MPS) facility at Rrookhaveu I u i b  been the focus of the Braudels experimental 

effort during the last year.

The experiments, K673 and K68?., both utilize the three dimensional correla­

tion device R A M 1 in conjunction with a high pressure (Ythreshold~lO) Cerenkov 

counter to select high momentum positive particles. For !«'682 this is combined 

with a second atmospheric presaure Cerenkov counter to trigger on the reaction
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at an Incident beam momentum of 16 GeV/c. Thu f subscript Indicates kaons in the 

range 7 to 20 GeV/c and protons tn the range 9 to 13 GeV/c. The raw flux yields 

a sensitivity of 62 ev/nb.

The other experiment, R673, triggers on the reaction
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at a beam momentum of. 5.0 G<sV/c and the f subscript Indicates kaons or protons 

above 1.3 GeV/c, without separation. The raw flax yields a sensitivity of 12 

ev/nb for the K“ data and 6 ev/nb for the antiproton data.



I. BARYONIUM PRODUCTION

With a high level of sensitivity, both experiments have failed to observe 

the production of narrow final states in the pp system; a contradiction of 

earlier results reported by the CERN ft spectrometer2. E682 set a limit of 

5 nb,3 five times lower than the CERN result in the same channel with a similar 

trigger. E67 3 set an effective limit of similar magnitude.1* These experiments 

conclusively rule out the narrow baryonlum states reported by CERN.

It now seems likely that if there exists four quark states which are

coupled t:o baryon or meson exchange they are Hkely to be broad <’~150MeV).

However, baryonium which couples to exotic states may, due to color symmetry, 

be narrow (>10 MeV). This possibility has been explored in the reactions:

ti~P -> (ppn+)f X~ (1)

+ (pA0rt+)f X° (2)

from E682.5 The production of the forward meson requires exchange of an I“2 (or 

I»3/2) exotic state. No signal Is observed. Assuming a width of F=>30 MeV/c2, the 

upper limit for baryonium production (95% confidence) is 10-40 nanobarns in the 

mass range 2.3-2.8 GeV/c2.

II. INCLUSIVE HYPERON PRODUCTION

a) A0(E682)

A sample of two hundred thousand A0'a produced by 16 GeV/c pions is being 

used to measure the invariant cross section and polarization. Various quark 

models * predict that the invariant differential cross section as a function 

of the Feynman x variable behave as



where pj is the transverse momentum. The exponent n is determined by quark 

counting rules, and has a value between 2.0-3.0. This data yields a value of 

n » 1.51±0.11 where the error is only statistical.

The polarization of the A® in this data sample is also of interest due 

to the unexpected observation of a significant degree of A0 polarization in pp 

inclusive reactions independent of energy and Feynman x. The experiments7 mea­

sure an increasing A0 polarization with increasing transverse momentum.

A preliminary analysis of our data indicates that the A°'s produced by 

pions are unpolartzed up t:o a transverse momentum of 1 GeV.

b) =-(E673)

The data reduction for this experiment has been completed yielding a sample 

of ~150,000 events of the reaction

K"p -► H~X

These events are being used to obtain the Feynman x dependence of the cascade 

polarization. The polarization measurements determine properties of the Regge 

exchanges which are not accessible to unpolarized cross sections. The data also 

addresses the question of the transverse momentum dependence of the hyperon po­

larization in a lower energy region.

III. E° PRODUCTION

Interest in the measurement of the E°(1420) derive from the suggestion® 

that there may be both an ss state and a bound state of gluons at this mass. 

From the E673 data a study is underway on the reactions

— 0 0
pp E X 

f

K-p ♦ E°X° 
f

where the Eu decays to K+K 4tt“. Preliminary results suggest that the cross sec­

tion for the production of E° from antiprotons is higher than that from kaons.
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If the E° is a conventional ss’ quark state, then kaon exchange in the forward 

region should contribute copiously to the cross section. Conversely the strange 

quarks needed in antiproton annihilation must be created from the sea, hence 

suppressing the reaction. One resolution of this paradox is that the E° Is a 

glueball, and that quark annihilation into gluons is favored by the antiproton 

reaction whereas quark exchange is favored by the kaon reaction.

IV. TECHNICAL PROGRESS

A) Lead Class Hodoscope

A significant amount of effort was required to prove the feasibility of our 

proposal (F.7 5L) to study hyperon radiative decay, and then to acquire adequate 

data to complete the design of the lead glass hodoscope. The principal problem 

is to design a hodoscope which gives energy resolutions on the order of 12%//E 

and which can operate in the magnetic fringe field of the MPS. Shielding of the 

photomultipliers can be accomplished passively using a light pipe matched to the 

tube diameter covered by a p-metal and iron shield. Active shielding requires a 

coil on each photomultiplier with the local field adjusted to cancel the MPS 

f ield.

The first tests were run behind the MPS during the fall of 1980. The tests 

were undertaken in response to the concerns of the high energy advisory commit­

tee that the experiment was unfeasible due to high photon rates and the fringe 

field. Using a pulsed LED it was shown that either the passive or active 

shielding technique was adequate; however, it was determined that lucite light 

pipes resulted in an unacceptable loss of light at the lead glass interface. A 

measurement of the photon rate produced by a heavy target indicates a trigger 

rate of less than twenty events per pulse in agreement with earlier calculations 

in the E751 proposal.



The second series of tests utilized the Brookhaven A2 test beam facility. 

These tests include the following: a single lead glass block mounted in (and

out of) a Helmholtz coil to study magnetic field effect, and a seven lead glass 

block, array, mounted on a remotely controlled table, to study position d e p e n ­

dence of the energy resolution and shower sharing characteristics. Equipment 

for these tests was designed and built at Brandeis.

The tests have already indicated the need for thermal stability of the 

array and extreme care in photomultiplier base design. Preliminary results 

suggest that the lead glass light pipes result in a loss of 1-2% in energy 

resolution independent of whether a 2" or 4" length is used. Further m e a s u r e ­

ments include a determination of the absolute energy resolution and the effect 

of lateral shower spread on the energy resolution. Analysis of this dat a  is 

continuing.

B) MPS II Development

Contributions are being made to the software required for MPS II. In addi- 

tlon to overall system design the Brandeis group is developing modules for m a ­

chine independent magnetic tape formatting, and beam reconstruction. Work is 

also underway on a Monte Carlo package which can be used for experimental design 

and the evaluation of pattern recognition algorithms in the drift chambers.
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During the past contract year the theoretical physics group pursued re­

search in quantum field theory and phenomenology. A  major part of the program 

concentrated on effective field theories, subconstituent theories of quarks 

and leptons, quantum chromodynaratcs at finite temperature, grand unified the­

ories, and calculational techniques in gauge theories. A summary of this re­

search follows.

1, EFFECTIVE FIELD THEORIES

In earlier work. Ovrut and Schnitzer developed a systematic discussion of 

effective field theories describing a given subset of fields of a quantum 

field theory and their low energy processes. This phase of the program concen­

trated on scalar field theories with broken symmetry, and dealt with subtle­

ties of mixed light-heavy graphs. During the year under review, Ovrut and 

Schnitzer extended their methods to gauge theories, in a series of detailed 

studies. In this entire body of work, minimal coupling renormalization was 

employed, with an important aspect of the program the demonstration that a 

mass-independent subtraction scheme was compatible with the Appelquist- 

Carazzone decoupling theorem. Previous workers had employed the more cumber­

some m o m e n t u m - 8pace subtraction schemes, as it had not been clear how to use 

a mass-independent subtraction scheme in the construction of effective field 

theories. Therefore, the presentation of effective field theories within the 

context of minimal subtraction renormalization represents a genuine simplifi­

cation in methodology, and a clarification of the issues relating to decoup­

ling theorems.

In detail, it was shown explicitly to the two-loop level, that the de­

coupling theorem of Applequist and Carazzone is valid, and a consistent light

THEORY



particle effective field theory exists, for quantum electrodynamics (QED) in 

arbitrary c.ovarlant ct-gauges, and in non-Abelian gauge theory in a«0 Landau 

gauge, renormalized by minimal subtraction. In a sequel to this work, these 

methods were then extended to arbitrary covariant gauges in non-Abellan 

thedries as well. The demonstration of these results involved explicit 

two-loop calculations. Further, an inductive algorithm was presented which 

showed how to obtain a local low-energy effective field theory valid to 

n-loops, from knowledge of the effective theory and the complete theory at the 

(n-1) loop level.

Thefle results were further elaborated in a study which presented a set of 

rules to be observed in the calculation of light-field, low-momentum processes 

using our method of effective field theory defined by minimal subtraction 

renormalization. The concept of the invariant charge, and its relevance to 

the problem of decoupling in theories renormalized by minimal subtraction, was 

discussed. These rules were applied to the calculation of the invariant 

charge and its associated beta-function in a non-Abelian theory with both 

mass]ess and massive fermions. The threshold behavior of the beta-function 

appropriate to the invariant charge was displayed and analyzed.

The body of work reviewed above focused on the portion of the effective 

Lagrangian of dimension four and less. Ovrut and Schnitzer also considered 

the contribution of mixed light-heavy graphs for operators with dimension > 5 

by considering a model problem. The contribution of heavy fermions (muons) 

to the electron anomalous magnetic moment in QED was considered w i t h i n  the 

context of effective field theories, constructed by means of functional inte­

gration, correct to order a 2 m z/ M 2 . Although no violation of decoupling was 

found, it was shown that the leading contribution of the muon to the electron 

magnetic moment is incorrectly given by the local effective Lagrangian ob­

8
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tained from functional integration. It was also shown that this effective 

Lagrangian, with terms of arbitrary order in (l/M2 ), has the wrong analytioity 

In this variable in that the electron magnetic moment has a term of order a 2 

ra^/M4 X.nM2 /m2 which cannot be obtained from the local effective Lagrangian, 

even if the infinite series of non-renormaltzable but local terms are re­

tained. One must compute a graph of the complete theory (a mixed light-heavy 

graph) if the correct result Is to be obtained.

llagiwara studied extensions of two well-known examples of non-linear 

field theories by considering them to be effective Lagrangian theories. He 

first considered an Abelian gauge theory with various matter fieldn, and by 

integrating out the massive matter fields of the full theory, obtained an ef­

fective Lagrangian describing low energy raultiphoton processes. The resulting 

model is an extension of the Euler-Heisenberg Lagrangtan. He then examined 

constraints on the complete theory so that the residual effective Lagrangian 

exhibited additional symmetry. As a model example he assumed that the ef f e c ­

tive Lagrangian was the simplest non-polynomial Born-lnfeLd Lagrangian, and 

formulated an eigenvalue problem that must be satisfied by the complete theory 

for this to be valid. Unfortunately, if one restricts the matter fields to 

have spins of at most one, then the eigenvalue problem has no solution. Only 

the two-, four-, and six-photon effective interactions of the Born-lnfeld 

theory are reproduced by a suitable choice of mass and coupling parameters 

of the matter fields. The higher photon interactions of the Born-lnfeld 

Lagrangian are not reoroduced.

As a slde-product of the above research, Hagiwara found a non-Abelian 

generalization of the Abelian Born-Xnfeld Lagrangian. He also discussed some 

of the classical solutions of the non-Abelian equations of motion. Most



notably, the classical non-Abelian Born-Infeld theory Is a finite theory at 

the origin of coordinates, due to presence of an intrinsic m a s s - p a r a m e t e r .

XI. SUBCONSTITUENT MODELS

In earlier work, Grisaru and Schnitzer derived necessary conditions for 

all the gauge bosons and elementary fernuons of an arbitrary renormallzable 

non-Abelian gauge cheory with gauge group G to lie on a Regge trajectory. The 

Reggeization of all the elementary gauge bosons requires that the Lie algebra 

of G be serai-simple, so that G ran have 110 U(l) factors. The corresponding 

condition for the ferraionc requires that there be no massive fermion singlet 

under G. Based on these results, Se.hnitzer arguod that in a properly unified 

g^.uge theory all particles of a given spin lie on Regge trajectories, in which 

case the particles In the Lagraoglan will be simultaneously elementary and 

composite. If a gauge theory does not satisfy these criteria, it is at best 

only partially unified. [The Weinherg-Salam SU(2) x U(l) electroweak theory is 

an example of a partially unified gauge theory in this sense.] In order for a 

partially unified theory to be properly unified, additional degrees of freedom 

are required. These may arise from either 1) embedding in a larger theory, 

;juch as the embedding of the electroweak theory in a grand unified theory 

(GUT), or 2) subconstituents of the constituents in the partially unified La- 

grangian, or 3) both, For example, it was shown that the effective Lagrangian 

for the observed strongly interacting vector mesons, the p, w, <f>, K*, J/t> T, 

D*, F*, cannot be properly unified in our sense by embedding and that subcon­

stituents (quarks) are required to achieve a properly unified theory. A con­

sideration of the general pattern of Regge trajectories in field theories 

leads one, to propose a search for spin 3/2 quarks and leptons and spin 2 weak 

gauge bosons in the Tev region, a proposal not unique to our point of view. 

However, the correct interpretation of such a hypothetical discovery will

10



require correlation with the Higgs boson mass, as well, as features typical 

of strong interaction physics. Work in progress is also focusing on possible 

phenomenological Implications from this point of view.

During the past year Grisaru and Schnitzer began a study of the possible 

Regge structures in 0(8) supergravity. It is known that 0(8) supergravity can 

not contain the phenomenological SU(2)xU(1)xSU(3) theory as a subgroup. How­

ever, there is also a (hidden) local SU(8) structure in 0(8) s u p e r g r a v i t y . It 

has been speculated by Ellis, Gaillard, Mai an I , and Zumino that SU(8) invari­

ance characterizes the bound-state structure of 0(8) supergravity, and that 

these bound-states are In fact the quarks, gauge bosons, and scalar mesons of 

phenomenological GUT theories. Thus the fields of 0(8) supergravity would be 

the subconstttuents of the "observed" quarks, leptons and gauge bosons. Hie 

calculation in progress is extremely difficult, and no results are available 

as yet. This calculation is approximately at the half-way point after several 

months of work, and Grisaru and Schnitzer hope to have useful results in the 

next contract year. Because of the importance of the Issue, this work will be 

pursued vigoroualy in spite of the length and difficulty of the analysis.

Abbott and Farhi have constructed a preon model of the weak interactions 

based on the standard SU(2)l *U(1) gauge Lagrangian, which accounts for the ob­

served weak interactions as a residual interaction between fermions which are 

bound-states of the confined preons. The preons are confined since the parame­

ters of the model are chosen so that the Higgs bosons do not get vaccuum ex­

pectation values. As a result the Higgs bosorts and fundamental gauge bosons 

are confined as well, and the observed states transform as singlets of the 

underlying SlJ(2)t, 8 r°up‘ The bound-states of the model have a global SU(2) 

symmetry and a local U(l) electromagnetic interaction. This model can account 

for the low-energy charged and neutral current interactions. In addition, it

11



is an interesting preon model of quark and lepton structure which satisfies 

the ’ Hooft consistency conditions, and gi ves the correct quark and lepton 

masses and quantum numbers.

III. F INITE T E M PERATURE QCD

Anlshetty haw concentrated on understanding quantum chromodynaralcs (QCD) 

at finite temperature. He lias focused on two particular aspects of the sub­

ject, which we review.

Asymptotic freedom implies tlmt perturbation theory is valid for QCD at 

high temperatures. since It la a theory of massless interacting bosons (glu­

ons), perturbation theory subject to infrared divergences at any finite 

temperature. It haa been speculated that the theory cures itself of this dif­

ficulty by generating masses for the gluons. Furthermore, It ia believed that 

this mechanism may play a dominant role in understanding the suppression of 

magnetic monopoles in the early blg-bang cosmology. The nature of these infra- 

red divergences is common to all theories of raasaless Interacting bosons. 

However since gluons carry comiervod color charge, a macroscopic ensemble of 

gluona ia constrained to obey the conservation of this charge. This implies 

that the thermal fluctuation of gluons la constrained in color space, with the 

constraint imposed through!: the introduction of a chemical potential, It has 

been realized that a non-vanishing chemical potential at finite temperature 

cures the infrared divergence by making (N2-2) gluons massive in a SU(N) non- 

Abelian gauge theory. Work is in progress to determine the chemical potential 

at very high temperatures for a color singlet statistical ensemble of gluons.

It. has been argued that macroscopic systems of confined qu-'rks at high 

temperatures m ay undergo a phase transition to free quarka. A possible way to 

produce such macroscopic syateras is by means of contra! collisions of heavy 

ions such as fj238 at energies of the order of 50 GeV/nucleon or more In the

12
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center of mass frame, Anishetty, in collaboration w i t h  Glendenning, Guylassy, 

Koehler, and McLerran, have computed the thermodynamic properties of the 

resulting fireball, Including strange particles, In three different models*,

a) quark-gluon matter at vary high temperatures, b) nuclear matter with all 

known excited resonances at finite temperatures, and c) nuclear matter modified 

by Hagedorn exponential spectrum for excited resonances at finite temperatures. 

The results are:

1) A crude estimate of the nature of the phase transition from nuclear 

matter (confined quarks) to free quarks, based on perturbation theory, shows 

it to be weakly first order.

2) The ratio of strange to anti-strange mesons (K+ + K <’)/(K"‘ + K°) inside 

the fireball can vary from 1.5 in nuclear matter to 5 in quark-gluon matter at 

fireball center of mass energies of the order of 5-10 GeV/baryon

3) The ratio of strange baryons to the total number of baryone In the fire­

ball are of the order of 0.3 in nuclear matter, 0.4 in quark matter, and 0.1 in 

Hagedorn matter with fireball center of mass energies of 5-10 GeV/ baryou. 

Hagedorn matter seems to be clearly distinguishable from the other possibili­

ties in this regard. However, quark matter and nuclear matter with all known 

resonances become sufficiently different to be distinguished only when fireball 

energies reach approximately 15 GeV/nucleon.

I_V._ GRAND UNIF IE D  T H E O R IE S

Most grand unified theories predict that the proton will decay with a 

lifetime which will soon be accessible to experiments. Rates and branching 

ratios for the 2-body decay modes have been calculated by many people. Abbott, 

Wise, and Blankenbecler have extended these results to the 3-body decays of 

the proton using current algebra and final-state rescattering techniques. Their



results indicated that the 3-body modes could constitute a substantial fraction 

of the total proton decay modes.

In the standard blg-bang cosmology, the early universe Is characterized 

by very high temperatures at which the gauge symmetries of electroweak and 

grand unified models were presumably unbroken. As the universe cooled, phase 

transitions took place which brought these theories to their present form as 

spontaneously broken gauge theories. If these phase transitions were first 

order, extreme supercooling might have occurred with interesting cosmological 

consequences. Abbott studied the example of SU(5) broken by means of the 

Coleman-Weinberg mechanism. In this model supercooling occurs, and the SU(5) 

phase transition is controlled; i.e., either driven or suppressed by g r a v i t a ­

tional effects. It Is unusual and interesting to see gravity playing such an 

important role in elementary particle fLeld theory.

V. CALCULATIONAL TECHNIQUES IN GAUGE THEORIES

The background field method is a technique for calculating in gauge field 

theories without losing explicit gauge invariance, and hence makes gauge theory 

calculations easier both technically and conceptually. Abbott presented a new 

derivation of the method and derived relations between quantities calculated 

using the background field technique and the conventional functional approach. 

Keynman rules were presented, and It was shown that the renormalization pro­

gram can be carried out without any reference to the fields appearing inside 

closed loops. As an example, Abbott computed the two-loop ft-functions of Yang- 

Mills theory, a calculation which clearly demonstrated the power of the 

method.

14
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