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May 1, 1980 - April 30, 1981
Under thig contract, rescarch has been performed on both the theoretical
and experimental propertles of elementary particles, A brief description of

work which has either been completed or f{g in progress 1s glven below:

EXPERIMENT
MULTIPARTICLE SPECTROMETER PROGRESS
The analysis of data frow two experiments at the Multiparticle Spectrometer
(MPS) facility at Brookhaveu has been the focus of the Brandels experimental
effort during the last year.
The experiments, E673 and EA82, both vtilize the three dimensional correla-
tion device RAM! fn conjunction with a high pressure {Yeyreshold~l0) Cerenkov

counter to select high momentum positive particles. For E682 this s combined

with a second atmeospheric pressure Cerenkov counter to trigger on the reaction

- p
1Tp * + X
[K'*} t

at an incident beam momentum of 16 GeV/c. The f subscript indicates kaons in the
range 7 to 20 GeV/c and protons {n the range 9 to 13 GeV/c. The raw flux ylelds
a senslitivity of 62 ev/nb.
The other experiment, K673, triggers on the reaction

14 p

B K Jj¢
at a beam momentum of 5.0 GeV/c and the f subscript indicates kaons or protons
above 1.3 GeV/c, without separation. The raw flox ylelds a sensitivity of 12

ev/nb for the K~ data and 6 ev/nb for the antiproton data,
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1. BARYONIUM PRODUCTIGN

With a high level of sensitivity, both experiments have falled to observe
the production of narrow final states in the pp system; a contradifction of
earlier results reported by the CERN Q spectrometer?, E682 set a limit of
5 nb,3 five times lower than the CERN result in the same channel with a similar
trigger, K673 set an effective limit of similar magnitude." These experiments
concluslvely rule out the narrow baryonium states reported by CERN.

It now seens likely that 1f there exlsts four quark states which are
coupled to baryon or meson exchange they are likely to be broad (~150MeV).
However, baryonium which couples td exotle states may, due to color symmetry,

be narrow (>10 MeV). Thils possibil{ity has been explored in the reactions:
wp v (pprt)e KT (1
+ (pA°utye x° (2)
from E682.% The production of the forward meson requires exchange of an I=2 (or
123/2) exotic state. No signal is observed. Assuming a width of I'=30 MeV/c?, the
upper limit for baryonium production (95% confidence) is 10-40 nanobarns in the

mass range 2.3-2.8 Gev/c?2,

II. INCLUSIVE HYPERON PRODUCTION

a) A°(E682)

A sample of two hundred thousand A°'s produced by 16 GeV/c plons is being
used to measure the invariant cross section and polarization. Various quark
models! predict that the {nvariant differential cross section as a function

\\\ of the Feynman x varlable hehave as

Er——= = f(p;)(1-x)D
dp3 4 )
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where p; 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 = 1,5120.11 where the error i{g only statistical.

The polarization of the A° in this data sample 1is also of interest due
to the unexpected observation of a significant degree of A° polarization in pp
inclusive reactions independent of energy and Feynman x., The experiments’ mea-
sure an increasing A°® polarization with increasing trangverse momentum.

A preliminary analysis of our data indicates that the A°'s produced by
pions are unpolarized up to a transverse momentum of | GeV.,

The data reduction for this experiment has been completed ylelding a sample
of ~150,000 events of the reaction

K'p + 37X

These events are belng 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.

II1. E° PRODUCTION

Interest in the measurement of the E°(1420) derive from the suggesrion8
that there may be both an ss state and a bound state of gluons at this mass.

From the E673 data a2 study 1s underway on the reactions
— o o
+ E X
2% ¢
K™p + E°X’
f

where the EY decays to K'K°®n~, 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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1f the E° 1is a conventlional ss quark state, then kaon exchange in the forward
region should contribute coplously to the cross section. Conversely the strange
quarks needed in antlproton 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 Glass Hodoscope

A significaant amount of effort was required to prove the feasibility of our
proposal (E751) to study hyperon radlative decay, and then to acquire adequate
data to complete the design of the lead glass hodoscope. The principal problem
is to desizn a hodoscope which gives energy resolutions on the order of 12%/VE
and which can operate in the magnetic fringe fleld of the MPS. Shielding of the
photomultipliers can be accomplished passively using a light pilpe matched to the
tube dlameter covered by a p-metal and ivon shield. Active shielding requires a
coll on each photomultiplier with the local field adjusted to cancel the MPS
field.

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 elther the passive or active
shielding technique was adequate; however, it was determined that lucite light
plpes resulted fn 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 F751 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 coill to study magnetic fleld effect, and & seven lead glass
block array, mounted on a remotely controlled table, to study position depen-
dence of the energy resolution and shower sharing charactéristics. 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 hase 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 measure-
ments Include a determination of the absolute energy resolution and the effect
of lateral shower gpread on the energy resolution, Analysis of thls data is
continuing.

B) MPS 1I Development

Contributions are being made to the sofiware required for MPS II. In addi~-
tion to overall system design the Brandels group is developing modules for ma-
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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THEORY
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 theorles, subconstituent theories of quarks
and leptons, quantum chromodynamics at finite temperature, grand unified the-

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

search follows.

1. FEFFECTIVE FIELD THEORIES

In earlier work Ovrut and Schnitzer developed a systematic discussion of
effective fleld theorles describing a given subset of fields of a quantum
field theory and thelr low energy processes, This phase of the program concen-
trated on scalar field theorles with broken symmetry, and dealt with subtle-
ties of mixed light-~heavy graphs, During the year under review, Ovrut and
Schnitzer extended thelr methods to gauge theorles, 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 momentum—space subtractlon schemes, as {t had not been clear how to use
& mass-independent gubtraction 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 detall, it was shown explicitly to the two-loop level, that the de-

coupling theorem of Applequist and Carazzone is valid, and a consistent light
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particle effective field theory exists, for quantum electrodynamics (QED) in
arbitrary covariant o-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 1in non-Abelian
theories 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 fleld theory valid to
n-loops, from knowledge of the effective theory and the complete theory at the
(n-1) loop level.

These 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
renormallization, 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 agscciated beta~function in a non-Abelian theory with both
massleds dand 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 within the
context of effective field theories, constructed by means of functional inte-
. gration, correct to order a? m?2/M?2, Although no violation of decoupling was
| found, 1t was shown that the leading contribution of the muon to the electron

magnetic moment is incorrectly given by the local effective Lagrangian ob-

-



tained from functional integration. Tt was also shown.that this effective
Lagrangian, with terms of arbitrarvy order in (1/M2), has the wrong analyticity
in this variable in that the electron magnetic moment has a term of order a?
n* /M4 2aM2/m? which cannot be obtained from the local effective Lagranglan,
even if the infinite series of non-renormallzable but local terms are re-
tained. One nust compute a3 graph of the complete theory (a mixed light~heavy
graph) 1f the correct result {s to he obtained.

Haglwara studied exteusions of two well-known examples of non~linear
field theorles by considering them to he effective lLagrangian theorles. He
first considered an Abelian gauge theory with various matter flelds, and by
integrating out the massive matter fields of the full theory, obtained an ef-
fective Lagra&gian describing low energy multiphoton processes. The resulting
model is an extension of the Euler-Heisenberg Lagranglan. He then examined
constralnts on the complete theory so that the resldual effective Lagrangian
exhibited additional symmetry. As a model example he assumed that the effec~
tive lLagrangian was the simplest non-polynomial Born-Infeld Lagranglan, and
formulated an eigenvalue problem that must be satisfied by the complete theory
for this to be valld. Unfortunately, 1f one restricts the matter fields to
have épins of at most one, then the eigenvalue problem has no solution. Only
the two=-, four-, and six-photon effective interactions of the Born-Infeld
theory are reproduced by a sultable cholce of mass and coupling parameters
of the matter flelds. The higher photon interactions of the Boran-~Infeld
lagranglan are not revoroduced,

As a slde-product of the above research, Haglwara found a non-Abellan
generalization of the Abelian Boru-Infeld Lagrangian., He also discussed sone

of the classical solutions of the non-~Abelian equations of motion. Most
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notably, the classical non-Abelian Born-~Infeld theory is a finite theory at
the origin of coordinates, due to presence of an intrinsic mass-parameter,

11. SUBCONSTITUENT MODELS

In earlier work, Grisaru and Schaitzer derived necessary conditions for
all the gauge bosons and elementary fermions of an arbitrary renormalizable
non~Abelian gauge theory with gauge group G to lie on a Regge trajectory., The
Reggelzation of all the elementary gauge bosons requires that the ILie algebra
of G be semi-gimple, so that ¢ ran have no U(1l) factors. The corresponding
condition for the fermions requires that there be no massive ferwion singlet
under G. Based on thesc reaults, Schnitzer argued that In a properly unifled
garuge theory all particles of a glven spin lle on Regge trajectorles, in which
case the particles In the Lagraanglan will be simultaneously elementary and
composite. T1f a gauge theory does nobt satisfy these criteria, it 1is at best
only partially unified, [The Weilnberg~Salam SU(2) x U(l) electroweak theory is
an example of a partially unified gauge theory in this sense.}] 1In 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,
such as the embedding{of the electroweak theory In a grand unified theory
(GUT), or 2) subconstituents of the congtituents in the partially unified La-
grangian, or 3) both., TFor example, 1t was shown that the effective lLagrauglan
for the ohserved strongly interacting vector mesons, the p, w, ¢, K%, J/y, T,
Dk, F¥%, cannot be properly unlfied in our sense by embedding and that subcon-
stituents (quarks) are required to achieve a properly unified theory. A con-
slderation of the general pattern of Regge trajectories in field theories
leads onc 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
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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 1is known that 0(8) supergravity can
not contaln the phenomenological SU(2)xU(1)xSU(3) theory as a subgroup. How-
aver, there 1s alsc a (hidden) local SU(8) structure in 0(8) supergravity. 1t
has heen speculated by Ellis, Galllard, Maianl, and Zumino that 50(8) invari-
ance characterizes the bound--state structure of 0(8) supergravity, and that
these bound-states are i{n fact the quarks, gauge bosons, and scalar mesons of
phenomenological GUT thecories., Thus the fields of 0(8) supergravity would be
the subconstitueunts of the "observed" quarks, leptons and gauge bosons, The
calculation in progress 1s extremely difficult, and no results are available
as yet. This calculation 1ls approximately at the half-way point after several
months of work, and Grisaru and Schnltzer hope to have useful results {in the
next contract year. Because of the importance of the issue, thig work will be
pursued vigorously in splire of the length and difficulty of the analysis.

Abbott and ¥arhl have constructed a preon model of the weak interactions
baged on the standard SU(2)y;xU(!) gauge Lagrangian, which accounts for the ob-
served weak interactions as a residual Interaction hetween fermions which are
bound-states of the confined preons. The preons are confined since the parame-~
ters of the model are choseu so that the Higgs bosons do not get vaccuum ex-
pectation values. As a result the Higgs bosors and fundamental gauge bosons
are confined as well, and the ohserved states transform as singlets of the
underlying SU(2)j, group. The hound-states of the model have a global SU(2)
symmetry and a local U(l) electromagnetic interaction. Thig model can account

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



12
{s an Interesting preon model of quark and lepton structure which satisfies
the '* Hooft consistency conditions, and gives the correct quark and lepton
masgses and quantum numbers,
L11. _FINITE TEMPERATURE QCD

Anfshetty has concentrated on understanding quantum chromodynamics (QCD)
at finfte temperature. He has focused on two particular aspects of the sub-
Jeet, which we review,

Asymptotic freedom fmplies that perturbation theory is valld for QCD at
high temperatures, Since (¢ {8 a theory of massless interacting bosons (glu-
ong), perturbation theory {8 subject to foafrared dlvergences at any finlte
temporature, 1t has been speculated that the theory cures {tself of this dif-
ficulty by generating mass2s for the gluons, Furthermore, {t {8 believed that
thig mechanism may play a domlinant role in understanding the suppression of
magnatin monopoles in the early big-~bang cosmology. The nature of these infra-
red divergences {s common to all theories of masaless interacting bosons,
However aglnce gluons carry conscerved color charge, a macroscoplc ensemble of
gluons {4 constralned Lo obey the conservation of this charge. This implies
that the thermal fluctuatfon of glucns 18 constrained in color space, with the
constraint lmposed throught the {introduction of a chemical potential, 1t has
been realized that a non~vanishing chemical potential at finite temperature
cures the Infrared divergence by making (N?-2) gluons massive in a SU(N) non-
Abelian gauge theory., Work 18 {a progress to determine the chemical potential
at very hilgh temperatures for a color singlet statistical ensemble of gluons,

1t has been argued that macroscoplc systems of confined qu-~rks at high
temperatures may undergo a phase transition to free quarka, A possible way to
produce such macroscopic systems is by means of central collisions of heavy

fons such as (238 g¢ energies of the order of 50 CGeV/nucleon or more in the
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center of mass frame, Anighetty, 1in collaboration with Glendeaning, 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, aad c} nuclear matter wmodified
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 l.5 in nuclear matter to 5 in quark-gluon matter at
fireball center of mass energles of the order of 5-10 GeV/baryon

3) The ratio of strange baryong to the total number of baryons 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 energles of 5~10 GeV/ baryou,
Hagedorn matter seems to be clearly distinguishable from the other pogsibili-
ties in this regard, However, quark matter and nuclear matter wich all known
resonances become sufficiently different to be distinguished only when fireball
energles reach approximately 15 GeV/nucleon.

IV. GRAND UNIFIED THEORLES

Most grand uniffed theories predict that the proton will decay with a
lifettme which will soon be accesaible to expetriments., Rates and branching
ratios for the 2~body decay modes have been calculated by many people. Abbott,
Wise, and Blankenbe:ler have extended these results to the 3-body decays of

the proton using current algebra and final-state rescattering techniques. Their
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results indicated that the 3-body modes could constitute a substantial fraction
of the total proton decay modes,

In the standard big-bang cosmology, the early unfiverse 1s characterized
by very high temperatures at which the gauge symmetries of electroweak and
grand unified models were presumably unbroken, As the unilverse cooled, phase
trangitions took place which brought these theories tu their present form as
spontaneously broken gauge theories, If these phase transitions were first
order, extreme supercooling might have occurred with interesting cosmological
congequences. Abbott studlied the example of SU(5) broken by means of the
Coleman-Weinberg mechanism. In this model supercooling occursg, and the SU(5)
pﬁase transition is controlled; i.e., elther driven or suppressed by gravita-
tional effects., Tt 18 unusual and interesting to see gravity playing such an
important role in elementary particle fleld theory.

V. CALCULAVIONAL TECHNIQUES IN GAUGE THEORIES

The bacliground fleld method is a technique for calculating in gauge fleld
theéries 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 quantitiéé calculated
using the background fleld technique and the conventional functional approach,
Feynman rules were presented, and it was shown that the renormalization pro-
gram can be carried out without any reference to the fields appearing fnside
closed loops. As an example, Abbott computed the two-loop B-functions of Yang-
Mills theory, a calculation which clearly demonstrated the power of the

method.
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