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This report is divided into two sections: (I) Exper imenta l program; and (II) 
Theoretical Program. In each case the report includes a highly condensed summary of 
the major developments on various Hawaii projects, which were descr ibed in more 
detail in t he A n n u a l Techn ica l P rogress Repor t s ( " P R s " , or " R P R s " = Renewal 
Proposal and Progress Report) sent t o D O E - H E P annually. This Final Repor t calls 
at tention to only a few publications by U H - H E P G over the 11-year period; complete 
lists of publications are given in the annual P R / R P R s . 

This F ina l R e p o r t p rov ides an overview of each major p r o g r a m wi th in t he 
overall ongoing project, for the specific 11 year period from mid-1983 through the Feb. 
1984 changeover from Contract to Grant s tatus . Major developments are highlighted, 
with emphasis on U H - H E P G ' s contributions. 

(I) EXPERIMENTAL PROGRAM 

N O T E : th is summary was drafted by V. Z. Peterson (P r inc ipa l Inves t iga tor 
through August 31 , 1992), but reviewed and augmented by Stephen Olsen (who took 
over as PI on (Sept.1,1992). Sections writ ten entirely by Prof. Olsen are starred (*). 

The various exper imental programs in which Hawaii p layed a significant role 
during this 11-year period are: 

(A) Neutrino Bubble Chamber Experiments: 
.. .E388, E546, and E646 (completed analysis). 
...E632, a major international collaborative effort. 

(B) e + e - Colliding Beams: 
...Mark II experiment at SLAC. 
...AMY experiment a t KEK.(*) 
...Beijing charm experiment a t BES.(*) 
. . .Preparation for B-factory experiments a t KEK.(*) 

(C) Development of Silicon Particle-Posit ion Detectors for HEP: 
...Mark II Silicon secondary vertex detector (SSVD) 
...Monolithic Pixel Particle Detector (MPPD) for SSC. 
. . .MPPD for Fixed Target Physics (E781) a t Fermilab 

(D) Proton-Decay Search: 
...1MB Experiment (Fairport Mine Operations) 
.. .KEK Beam Test (preparation for Kamiokande-III) . 
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(E) High Energy G a m m a - R a y Astronomy 
...Haleakala Experiment 
. . .CLUE Proposal. 

(F) DUMAND Project: (emphasis on Hawaii's role) 
...Origin of DUMAND project; Hawaii's involvement. 
...Short Prototype String (SPS) Experiment. 
. . .9-string proposal; H E P A P reviews. 
. . .DOE Technical/Cost Reviews (I,II,III, and IV). 
. . .DUMAND Collaboration: technical accomplishments. 
...Assembly of first three-str ings. 
...Deployment of Cable / J -Box/S t r ing # 1 . 

( A - l ) Earlier 15' Bubble Chamber Experiments: Refereed Pub l i ca t i ons since 
previous Contract Final Report. 

. . .E388 (NBB ant ineu t r ino 1980 run with 15-foot B C ) : two pape r s , also 
PhD thesis by G. N. Taylor (later Oxford postdoc a t CERN; now faculty member at 
Univ. of Melbourne, Australia). See P R - 8 4 for details. 

(a) ' V - N u c l e o n CC Total Cross-sections for 5-250 G e V , PRL 51, 739 
(1983). 

(b) "Limits on Neutrino Oscillations, v^—% v and v ^ —=» v~ Using a 
Narrow-Band Beam", Phys . Rev. D28, 2705 (1983). e ' 

...E546 (WBB 1978 run, with EMI and prototype I P F ) : produced four PhD 
theses, including A. Koide (Hawaii). See P R - 8 3 and P R - 8 4 for details. 

(a) " O b s e r v a t i o n of M u o n Inner B r e m s s t r a h l u n g in Deep I n e l a s t i c 
Neutrino Scattering", PRL 50, 1963 (1983). 

(b) "Hadron u p - d o w n a s y m m e t r y in n e u t r i n o - n e o n charged cu r r en t 
interactions", Phys. Rev. D (Rapid Comm.) 30, 1130 (1 Sept. 1984). 

(b) "Sea rch for AI-TT+ M a s s E n h a n c e m e n t s in a N e u t r i n o B u b b l e 
Chamber Experiment", Phys . Rev. D29, 1300 (1984). 

(A-2) E646 Beam Dump Proposed Experiment (Tau-neutr ino Search) 

P roposed by C o l l a b o r a t i o n of C o l u m b i a , H a w a i i , M I T , R u t g e r s , a n d 
Fermi lab . The main goal was to detect tau-neutrino interactions, where t he t a u 
neutrino was to be produced in a h igh- in tens i ty " b e a m - d u m p " exper iment . Charged 
tau lepton decays would be observed in the 15' bubble chamber . The principal new 
hardware to be built would be a massive active-muon-shield to sweep aside the huge 
flux of muons produced within the beam-dump. 

This experiment was ranked as " # 1 priority" by the FNAL P A C and D O E 
funding was sought by FNAL Director Leon Lederman. However, the es t imated cost 
of the huge sweeping magnet (in excess of $10 Million) was too high for Fermi lab ' s 
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budget. Several attempts to reduce cost by radical redesign were unsuccessful. The 
experiment was (and still is) "Approved" but listed in the "deferred" category. 

The main effort by the Hawaii group was on magnet design and holography 
(by M. W. Peters). The tau-neutrino events were to be detected in the 15' bubble 
chamber, which was being upgraded for E632. 

Direct detection of the tau neutrino has yet to be demonstrated, although 
most physicists believe in its existence. 

(A-3) E632 Bubble Chamber Experiment at Fermilab: E632 was given Stage 1 
approval by FNAL in Spring 1983 as the first TeV II neutrino experiment using the 
Fermilab 15-foot cryogenic bubble chamber. TEVII's 800 GeV primary protons were 
used to produce a new, higher energy regime of mesons and neutrinos. The main 
physics interest was in: ( l) like-sign mu-e dileptons, (2) new phenomena in short
lived decays; and (3) search for new particles produced by higher energy neutrinos. A 
wide-band neutrino beam, using quad-triplet focussing, was used to emphasize high 
energy neutrinos (E > 200 GeV). 

E632 new instrumentation included holographic photography (for high resolution 
over large volumes), a new External Muon Identifier (EMI) for extended solid-angle 
coverage, and a CERN-model Internal Picket Fence (IPF), to provide time-slots for 
neutrino interactions and reduce backgrounds in Neutral Current interactions. These 
new hardware improvements also required major software development, which was 
organized primarily by F. Harris (Hawaii) and M. D. Jones (Hawaii). 

This international E632 collaboration grew to include six US groups, eight 
European groups, and two groups from India, and involved 95 physicists in all. The 
US Institutions were: 

USA: Berkeley, Fermilab, Hawaii, HT, Rutgers, amd Tufts; 
The European institutions were: 

Europe: Birmingham, Brussels, CERN, Imperial College (London), Munich, 
Oxford, Rutherford Lab, and Saclay; 

INDIA: Chandigarh and Jammu. 

Later on in 1989, budget pressures forced some E632 groups of the initial collaboration 
to curtail effort. However, several Russian bubble chamber groups were welcomed to 
work on the remaining useful data. New members of E632 were IHEP (Serpukov), 
ITEP (Moscow), and Moscow S ta t e Univers i ty . These groups cont inue to 
scan/measure E632 film and analyze the resulting events. 

Co-spokesmen for the initial E632 run were: D.R.O.Morrison (CERN) for the 
European/India groups and V. Z. Peterson (later, M. W. Peters) for the US groups. 
Dr. Morrison continues to provide overall liaison with the Russian groups. 

Holographic bubble chamber photography can in principle provide high resolution 
over large volumes, and thus is especially useful for bubble chambers designed to 
detect neutrino interactions. The Baltay group (Columbia-Nevis), although mainly 
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interested in E646 (tau neutrino detection), was the prime mover in the early 
development of E632 holography. Their proposed one-beam method of holography was 
adopted; in this method a high-power laser beam enters the bubble chamber from 
below and the hologram is generated by interference between the direct (reference) 
beam and scattered photons from bubbles. This required installation (by the FNAL 
Bubble Chamber staff) of a 40-joule pulsed ruby laser and associated optical transfer 
system to the 15' BC. 

The main E632 operational goal was to obtain 250,000 pictures (with three 
conventional cameras, one shallow-focus high resolution camera, and holographic 
photography). A "light" neon-hydrogen mixture (45 mole percent neon) liquid was 
initially planned. FNAL approved a four months ' exposure to the wide-band 
neutrino/anti-neutrino beam, a total of 2 x 10" 18 protons on the primary target, and 
quad-triplet focusing of positive mesons. This was estimated to yield about 60,000 
CC events and 18,000 NC events, of which 6/7 would be neutrino-produced (the 
balance were anti-neutrino events). 

An engineering run was made in December 1984, during which a number of 
BC-opera t ing problems were discovered. One major problem with one-beam 
holography in the 15-foot chamber was tha t the laser beam, interact ing with 
"dirt"(snow) in the BC liquid, produced vigorous boiling. Although the holograms 
were not affected, the conventional photos (taken with delayed flash for larger bubbles) 
were almost totally obscured. The temporary remedy was to reduce laser power to a 
level where boiling was much reduced; however, this meant that only about 1 cubic 
meter (instead of 15 cubic meters) of chamber liquid was a source of useful holograms, 
due to the rapid decrease in scattering amplitude with angle between bubble and 
camera. 

Revised (lower) estimates of running efficiency led to a decision to switch to a 
higher density mixture (75 mole percent neon, or 0.72 gm/cm'2) . The four-months' 
(April-July 1985) data-taking run eventually yielded a total of 155K conventional 3 -
view pictures, plus 155 K High Resolution (single camera) photos, plus 90 K 
holograms. This 1985 run yielded only 15,000 CC events (1/4 of the planned yield). 
The EMI and IPF proved to be quite reliable, however. In particular, the I P F -
timing enabled a major reduction in NC background. Analysis of the 2-prong and 
4-prong events resulted in two publications on coherent production of single pions; 
namely, a letter (PRL 63, 2349 (1989), and a full-length paper (Phys. Rev. D 47, 
2661 D(1993). The Brussels group (P. Marage, et al) played a major role in this 
analysis. Another result from the 1985 exposure was a major paper on dimuons 
(unlike-sign and like-sign) produced by neutrinos (Phys. Rev. D41, 2057 (1990). A 
major contributor to this paper was Vivek Jain (Hawaii), who spent several years at 
FNAL on E632 and wrote his PhD thesis on dimuon production. Dr. Jain has 
continued a productive career in High Energy Physics and is now at Vanderbilt 
University. 

The yield of good holographic neutrino events from the 1985 run was very low, 
in part due to laser-boiling limitations and also the disappointing exposure (only 1/4 
of the requested protons on target). Hence major effort was made to obtain a second 
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data-run, with major improvements in bubble chamber conditions (e.g., removal of 
"dirt", and improvements in flash-timing for conventional pictures). DOE-FNAL 
budget limitations almost prevented the second run, but Fixed Target experimenters 
rallied enough support to enable FNAL to approve a 6-months' run in 1987. Several 
European groups (Saclay, Oxford, RHEL, ICL) were forced to drop out due to budget 
restrictions; CERN and RHEL suspended scanning and measuring but continued other 
par t ic ipat ion. However, Brussels, Munich, and Birmingham continued full 
participation, as did all six US groups. Special effort was made to improve the 
holographic setup, led by M.W. Peters (Hawaii), who moved to FNAL for this second 
E632 run. Special holographic-replay systems were developed at Hawaii and at FNAL, 
which were able to reproject "non-snowy" holograms with 100 micron bubbles and 
analyze several hundred events which were visible. The TEV-II accelerator provided 
0.45 x 10*18 800 GeV protons on target during an intermit tent 6-months run, 
producing 290K conventional photos and 218 K holograms. Unfortunately, the "snow 
problem" remained in about 1/3 of the pictures, so that only 2/3 of the 20,000 CC 
events were clearly visible. A major Collaboration effort in scanning/analysing the 
26,000 "best" holograms was made, yielding a few dozen charm/beauty candidates. 
However, no new phenomena involving short-lived decays were discovered using this 
technique. (Furthermore, major advances with electronic experiments using silicon strip 
detector provided high statistics on Charm events.) A paper on "Holography of 
Particle Tracks in the Fermilab 15-foot Bubble Chamber" (Nucl. Inst. Methods A297 
(1990) 364), mainly written by G. Harigel, M.W. Peters, and L. Verluyten, summarizes 
the E632 holographic experience. 

Initial emphasis on analyzing the 1987 sample of 20,000 CC and 7,000NC events 
was focussed on obtaining a Minimum Bias sample for further work by groups with 
special interest in Strange Particles (Rutgers), coherent production of resonances 
(Tufts), and Neutral Currents (Hawaii). Only 4500 CC events and 1400 NC events 
were fully measured, prior to the Russian effort being joined. Analyses coordinated by 
Rutgers (D. Deprospo and M. Kalelkar), Tufts (S. Willocq), and Hawaii (M.D. Jones) 
have resulted in papers submitted for publication (see RP-90 and RP-91) . The 
major E632 Neutral Current investigation, making effective use of IPF background 
rejection, was led by M. D. Jones (Hawaii) and provided a definitive ratio NC/CC = 
0.288 H— 0.32. It also demonstrated that the hadronic final states induced by CC 
and NC interactions were very much the same (see Phys. Rev. D45, 2232 (1992).) 

The lack of dramatic discoveries by E632, budget pressure from DOE-HEP as 
new projects involving Hawaii (such as DUMAND and DO) came on line, led to 
planned cutbacks in scanning and measuring effort at UH. However, major interest by 
Russian bubble chamber groups in obtaining new film for analysis, led to an agreement 
for the Russian groups to take over the scanning/analysis of remaining E632 film. 
Except for a yearly international E632 collaboration meeting to discuss progress, UH-
HEPG effort on E632 was essentially terminated from FY92 onward. 

(B) e+e- Colliding Interaction Experiments. 

(B-l) Mark II Experiment at SLC (Stanford Linear ColliderV. 
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The FY84 Federal Budget included funds for construction of the Stanford Linear 
Collider ("SLC) in which 40 - 50 GeV electrons and positrons from the SLAG linac 
were brought into (single-pass) collision in a circular ring. Only one Interaction 
Region was possible, and competition between detectors was fierce. Hawaii was 
invited to join the Mark II detector collaboration, in part due to our proposal to 
develop a silicon-based secondary vertex detector (SSVD). After the Mark II 
detector was chosen for the initial SLC experimental run, the Santa Cruz and Johns 
Hopkins groups were welcomed to join Hawaii to help develop the SSVD. (The 
overall SSVD effort required about a dozen physicists for several years.) 

Accelerator development of the SLC system was a major endeavor, including 
upgrading the two-mile linac in energy and providing for simultaneous acceleration of 
both electrons and positrons.. Damping rings were developed to reduce emittances of 
both electrons and positrons. Finally, after emerging from the Linac, the electron and 
positron beams had to bent into half-circles and focussed at the collision point. The 
focus spots had to be extremely small (few microns) in order to obtain reasonable 
luminosity. The main construction took until mid-1987. S. Parker and others from 
Hawaii were involved in special projects related to construction (e.g., analysis of 
disturbing ground motion which could affect SLC operation; development of flip-up 
wire detection of beam-positions at the Interaction Region). 

Other Hawaii physicists helped assemble and check out the main Mark II 
detector for data-taking runs at PEP, as well as refining the SSVD for use with Mark 
II at SLC. Dr. R. J. Cence worked with the SLAC-SLC team analysing background 
sources (and their suppression). Dr. Alan Koide helped build a new main drift 
chamber. Dr. Alan Breakstone developed a SSVD-DCVD relative-position monitor 
capable of detecting 10-micron changes. Dr. Fred Harris developed the on-line event 
display for SLC events. When the Mark II detector was ready for test (in 1985), it 
was operated for a year in the PEP ring in order to check out the Mark II as well 
as to carry out several medium energy physics experiments (8 published papers on 
physics and two on Mark II hardware upgrade; see PR89.) In 1987 the Mark II was 
moved to the SLC Interaction Region hall for tests using cosmic rays while the 
Accelerator Department worked to solve SLC's intensity problems. 

Initial operation of the SLC was beset by many difficulties, mainly in producing 
finely-focussed e+ and e- beams and bringing them into collision at the interaction 
region. Nearly a year's time elapsed until SLC staff were able to achieve a luminosity 
level of 9 x 10*27, much less than the design luminosity of 6 x 10*30 /cm*2-sec. 
Nevertheless, SLC and Mark II were still the first to produce enough ZOs to measure 
the width of the Z resonance; this was adequate to determine that the number of 
light-neutrinos was three (i.e., N = 2.8 + - 0.6, based on 446 events; Nov. 1989 
(1989). (Soon thereafter LEP-I at CERN was to generate many more Z0 events, 
confirming the 3-generation limit on light neutrinos, with much reduced statist ical 
uncertainty.) 

Meanwhile the Hawaii-Santa Cruz-Johns Hopkins team (plus Vera Luth from 
SLAC group C) continued developing the SSVD detector for use in precision vertex 
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detection. The SSVD design required reading-out many (nearly 40,000) channels of 
silicon microstrips during the 5 msec available between beam burs ts . Normal 
electronics would have cost about $20/channel in those days, and space for cables was 
at a premium. A brilliant solution to these problems was reached by the development 
(by S. Parker and a few other collaborators, using Stanford VLSI facilities) of the 
" Microplex Chip" for multiplexing and reading out 128 channels of electronics (on one 
twisted pair!). Various versions of the Microplex Chip are now in use in all major 
accelerator laboratories in the world. 

Recurring problems with low SLC luminosity delayed installation of the SSVD 
until late in the Mark II run. Finally, on Oct. 13, 1989, the SLC shut down for 
SSVD installation: four days later the Loma Prieta earthquake abruptly disrupted 
SLC precise alignment! However, the SLC was realigned within two months and the 
SLC was again operational though at much reduced luminosity for Mark II 
data-taking (now with the SSVD installed). A four months ' run with the SSVD 
operational, produced about 300 more Z-0 decays (total sample = 523 events) . 
Analysis of the events with SSVD demonstrated the expected precision in vertex 
location and allowed measurement of the Z — b b-bar rate (see R. Jacobsen, et al, 
PRL 67, 3347 (1991)). 

Altogether, the Mark II experiments at PEP and SLC resulted in 24 physics 
papers (14 of them based on SLC operation, 8 from the upgrade run at PEP in 1985, 
and 2 instrumental papers on Mark II). The Mark II experiment was one of the 
more productive series of experiments in SLAC history. 

In November 1990 the new SLD detector took over the IR region at SLC. 

(B-2) AMY experiment at KEK. 

The AMY detector is a general-purpose detector at the TRISTAN storage ring, 
based on a 3 Tesla superconducting solenoidal magnet with an inner radius of 1.2 
meters. Charged particles and gamma-rays are detected by cylindrical tracking 
chambers and electromagnetic shower calorimeters located inside of the magnet. Drift 
chambers and scintillation counters located outside of the iron flux-return yoke of the 
magnet are used to identify muons. The AMY experiment, which has operated since 
the beginning of TRISTAN running in November 1986, stopped running in June 1994 
with a total data sample corresponding to 300 p b - 1 . The next two years will be 
concentrated on analyzing and publishing final results from the experiment. 

Since the operation of SLC and LEP, TRISTAN and AMY have concentrated on 
tests of the electro-weak theory, measurements of the forward-backward charge 
asymmetry for the processes e+e >mu+mu- , t au+tau- , b-bbar, and c-cbar were 
recently published. In addition, AMY has a continuing program of studying properties 
of QCD. These include measurements of the coupling strength ^ j using many different 
approaches such as multijet rates, energy-energy correlations, thrust distributions, and 
moment analyses of particles in jets. We are continuing our pioneering work on 
inclusive two-photon physics, adding to our data samples of single-tagged and 
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untagged events. We have measured the jet production rate in untagged two-photon 
collisions. 

In all some thirty papers have been published in refereed physics journals 
including the First observation of the triple-gluon vertex as predicted by QCD, the 
discovery of resolved photon processes, and the first measurement a t TRISTAN 
energies of the b-bbar forward-backward asymmetry. We published the highest Q2 
measurements of the photon structure function, which shows good evidence for QCD 
mediated scaling violations. Analysis continues on a variety of subjects, especially 
inclusive production rates in two-photon processes. 

(B-3) Beijing 3 GeV Studies of Charm production. 

The Beijing Electron Synchrotron (BES) Experiment: Studies of Charm and taus 
at the 3 GeV Beijing Storage Ring 

The Beijing electron positron collider (BEPC) operates in the 3-4 GeV (cm.) 
energy region, and is aimed at exploring physics of charmed quarks and tau leptons. 
The Hawaii group joined the Beijing electron spectrometer (BES) experiment in 1992. 
We are analyzing decays of the psi(2S) charmonium state and are participating in the 
upgrade of the time-of-flight system and the electronics for the refurbished Mark-III 
vertex detector which will be installed in the summer of 1995. 

The main emphasis for BES data taking in 1993 and 1994 has been the 
production of D pairs at E(c.m.) = 4.03 GeV. In addition, during this running cycle 
approximately one million psi(2s) events were recorded. The other major data set 
taken since U.S. institutions joined the BES collaboration is one of 5 p b A - l distributed 
over twelve scan points in the energy region around the threshold for producing t au -
lepton pairs. A number of physics analyses are proceeding based on the above data 
sets. The BES collaboration is preparing a final result for publication in Physical 
Review of the mass of the tau-lepton based on combinations of 1-prong decays of 
tau-pairs. The final result is m(tau) = {1776.9 + - 0.2 + - 0.2 MeV}. The inclusion of 
additional decay modes has resulted in a factor of two decrease in the statistical error 
with no increase in the systematic error. 

From the recently recorded sample of one million psi(2s) events plus about 0.4 
million from earlier running, the Hawaii group has a particular interest in hadronic 
psi(2s) decays. 

The major puzzle in hadronic psi decays is the large discrepancy between the 
decay widths for psi(ls) —> rho pi and K*K and the corresponding widths for psi(2s) 
decays. These modes are expected to proceed via psi—>3 gluons, with widths that 
are proportional to the square of the quark-antiquark wave function at the origin, 
which is determined from dilepton decays. Experimentally, the psi(2s) widths for these 
channels are suppressed by over a factor of twenty from these naive expectations. We 
are studying the rho pi decay of J/psi's produced via the decay psi(2s) > p i+pi-
J/psi. If there is a vector gluonium state that is nearly degenerate with the J/psi 
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that is responsible for enhancing the J/psi—> rho pi decay channel, as suggested by 
Brodsky, LePage and Tuan, we expect distortions to the peak position and width in 
the J/psi seen in this way. The BES analysis code has been installed on both our 
VAX computers and on our new DEC AXP 3000 computers. This system is routinely 
used for reconstructing raw psi(2s) data. 

(B-4) Planning for B-Factory at KEK. 

The Hawaii group is a member of the BELLE collaboration at KEK-B, the 
asymmetric e+e- B-factory being constructed at KEK in the TRISTAN tunnel. The 
purpose of BELLE is to search for CP violations in the decays of B-mesons as 
predicted by the Kobayashi-Maskawa model. 

CP violation is an important component in our understanding of the evolution of 
the Universe from the matter-antimatter symmetric state that existed at the time of 
the big-bang to the matter-dominated Universe we live in today. To date, only a 
small CP violation has been observed in nature, in the neutral K0 system. Although 
the KM scheme, which attributes the CP violation to a complex phase in the three-
quark-generation mixing matrix, is a compelling theoretical model for this effect no 
experimental verification has been forthcoming. If the KM model is a correct 
description of nature, there should be sizable CP-violating effects in several B-meson 
decay channels. The magnitude of observable effects can be es t imated from 
experimentally established constraints on the KM matr ix elements. The largest 
observable effects are expected to show up in differences of the decay rates between 
BO antiBO mesons decaying to the same CP eigenstate. In these CP asymmetries, 
theoretical ambiguities arising from strong interaction effects tend to cancel, thus 
allowing the clean extraction of the relevant KM matrix elements from the measured 
quantity. The KM model provides definitive predictions for three CP angles, phi l ($ v ) 
), phi 2(CjP' ) and phi 3(flL), which can be extracted from measurements of different 
CP asymmetries in the decays of B-mesons: phi 1 from B—>J/psi+ K0; phi 2 from 
B—>pi+pi-; and phi_3 from B—> DO+K (for example). 

KEK has been planning to upgrade its TRISTAN complex to KEKB, a facility 
that will produce a large number of B-meson pairs via asymmetric e+e - collisions at 
the Upsilon(4s) resonance. Members of the Hawaii group have participated in KEK's 
B-physics Task Force which identified experimental approaches to detect the 
asymmetries predicted by the KM model. The BELLE experiment is an outgrowth of 
this activity. 

An important conclusion of the task force was that particle identification, in 
particular charged pi/K discrimination, will be a key element of any experiment aimed 
at doing CP violation physics with B mesons. The Hawaii group started a program 
of time-of-flight R&D, in collaboration with groups from KEK and Okayama 
University (in Japan), to develop beyond state-of-the-art time-of-flight techniques 
using newly developed fine-mesh-type photomultiplier tubes that work in magnetic 
fields. In addition, our group is collaborating with researchers at KEK in the 
development of a software framework for the KEKB experiment. 
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(C) Development of Silicon Particle-Position Detectors for HEP: 

UH-HEPG's experiments at LBL, SLAC, and Fermilab have frequently involved 
developing innovative detectors/hardware improvements which proved to be key to 
obtaining good data. In neutrino physics, it was the development (together with the 
Stevenson group at LBL) of the External Muon Identifier and the Internal Picket 
Fence for the 15' bubble chamber. Since 1983, the emphasis has been on silicon-based 
particle detectors used at SLAC, preparing for the SSC, and (currently) for Fixed 
Target physics at Fermilab. Dr. Sherwood Parker (Hawaii, but based at LBL) has 
been at the focus of all such developments. The technical progress achieved during 
the subject Contract is briefly summarized below. 

(C- l ) Mark II Silicon Secondary Vertex Detector (SSVD): 

As noted in (B-2), Hawaii's involvement in the Mark II experiment began with 
the Parker-Peterson proposal to SLAC's Group C to develop a Silicon-based Secondary 
Vertex Detector (SSVD). The SSVD was one of the most advanced silicon microstrip 
detectors of that era, involving 40,000 strips and featuring the " Microplex" readout. 
The custom development of Microplex VLSI readout chip, led by S. Parker (Hawaii) 
but with major design input from Dr. B. Hyams (CERN) and Dr. J .T. Walker 
(Stanford EE), provided a 128-fold reduction of cabling and simplified readout . 
(SLAC is very proud of the Microplex Chip patent, which was handled by Stanford; 
however, only one SLAC person was involved, and only in a minor role.) 

The instrumentation papers, and other details, are listed in PR-85 and PR-86. 
(See B- l for physics results, especially the fact that SSVD vertex resolution enabled 
the first "B-physics" experiment to be done at SLAC.) 

SLC operational problems delayed installation of the SSVD, but eventually the 
Mark II with the SSVD was installed. Early operation showed that this silicon-based 
detector proved to be much less affected by radiation than the high-pressure gas drift 
chamber located at greater radi i . This a t t rac ted considerable a t t en t ion , and 
contributed to HEP-wide interest in silicon microstrip detectors for HEP. 

During this time, a mutually-advantageous technical collaboration was arranged 
between Hawaii HEPG and Stanford EE's Center for Integrated Systems (CIS). This 
arrangement (facilitated through SLAC for financial accounting) enabled S. Parker and 
qualified colleagues to have access to the magnificent new VLSI R&D facilities at CIS. 
The success of the Microplex chip was a precursor to further developments, leading up 
to recent work on pixel detectors. 

(C-2) Monolithic Pixel Particle Detector fMPPD) for SSC. 

As early as 1987 (see Appendix C, of RP-88) S. Parker had worked out a 
conceptual design for a "Monolithic Pixel Detector" which would provide t w o -
dimensional position information and avoid the ambiguities of two-layer microstrip 
detectors. The "monolithic" design involved combining sensor and readout in the 
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same silicon slab, providing major simplification in interconnections, faster speed in 
readout, and other features [see publication, NI&M A275, 494 (1989)]. 

DOE planning for the SSC was in full swing at this time and Dr. Parker was 
encouraged to submit a proposal to the SSC Generic Detector Development program. 
This proposal was accepted and funded for several years (FY-88, -89, and -90) during 
which time Parker, et al:: 

(a) selected a transistor fabricastion technology, compatible with making low 
noise diode sensor volume and ability to radiation harden; 

(b) designed and fabricated VLSI test structures; this involved mastering solid 
state VLSI computer design software (PISCES, MAGIC, and SUPREM; this also 
involved switching completely to UNIVX-based computing; 

(c) worked out detailed arrangements with Stanford's Center for Integrated 
Systems (SU-CIS), Prof. J. Plummer (Director of CIS's Integrated Circuits Lab), to 
involve Stanford EE grad students in advanced R&D work on pixels (PhD thesis 
work); this mutually beneficial arrangement continues today. (To date, two patented 
and two more patentable VLSI inventions have resulted from this collaborative UH-
SLAC-SU/CIS arrangement); 

(d) conducted initial radiation-hardening tests (with Co-60 and other radioative 
sources) on test VLSI structures. 

(e) measured signal/noise ratios on prototype pixel structures, obtaining S/N = 
150/1 for particles from radioactive sources. 

This three-year program, estimated to cost $400K, actually required $330K of 
mixed SSC-$$ and regular DOE funds, and lasted until SSC-policy terminated Generic 
Detector development on Sept. 1, 1990. SSC policy called for consolidation of all 
pixel development into one "subsystems" group, which made it difficult to continue 
Parker's unique approach. Hence, PI Peterson followed up on the SSC-suggestion to 
request Texas National Research Laboratory Commission (TNRLC) support to continue 
work on Monolithic Pixels. This was done, and proposals (approx. $150K/yr to 
$200K/yr) for three years (FY-91,-92,-93) were submitted, reviewed and funded by 
Texas. 

In late 1990 "Monolithic Pixels" were generally considered very difficult and 
expensive to fabricate. However, building upon the fundamental progress made in the 
Generic Detector phase, Dr. Parker (and his new postdoc, Dr. Christopher Kenney) 
made rapid progress in putting together a prototype Monolithic Pixel Particle Detector 
(MPPD) during the first year of TNRLC support. The conclusion of the Mark II run 
enabled both to work full-time on MPPD, and before the end of 1991 a small 
prototype chip (10 x 30 pixels of 34 x 125 microns) was fabricated and passed all 
bench tests. They rapidly assembled a counter-telescope of six (tiny!) chips and 
arranged for a test in a muon-beam at FNAL, in order to experimentally determine 
the spatial resolution and angular sensitivity of the pixel detector. The results of this 
test were very satisfying: 

(a) Despite high ambient electrical noise, the S/N for muon signals was at 
least 80::1 during the test. Also signals directly from the pixels are an order of 
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magnitude greater than those from microstrips, due to the much lower capacitance of 
pixels (as compared to strips). 

(b) Spatial resolution: Gaussian sigma = 1.6 microns (in narrow-width 
direction of pixels); 

(c) Sensitive to steeply-dipping tracks up to 60 degrees. (It is possible, 
within a single chip, to determine the direction in space of such a steeply dipping 
track to within 1-2 degrees!) 

These results were first reported at the Sixth European Symposium on Semiconductors 
(Milan, Feb. 24-26, 1992). A more detailed description of characteristics of the 
prototype Monolithic Pixel Particle Detector is now published [Nucl. Instr . and 
Methods, A342, 59-77 (1994)]. 

Plans for scaling-up the number of pixels/chip were part of the FY94 MPPD 
program for the SSC, when the abrupt termination of the SSC led to scaling back the 
commitment of TNRLC to Hawaii's Pixel Project. Funding from TNRCL ceased on 
March 30, 1994. (A Supplemental Proposal to DOE-HEP for continued Generic Pixel 
development has been submitted.) 

(C-3) MPPD for Experiment E781 at FNAL. and Possibly LHC. 

The potent ia l value to HEP of Monolithic Pixel detectors was not lost 
completely with the termination of SSC funding — although the transition has been 
very painful. Prof. James Russ, the Spokesman for E781 experiment at Fermilab is 
intensely interested in utilizing Pixels in E781 (a Fixed Target Experiment, presently 
scheduled to run in 1996). Limited funds from Carnegie-Mellon University have been 
committed to expedite conversion of the SSC-planned development into a Fermilab-
compatible pixel readout. (Further discussions between E781 and FNAL on this 
project are under consideration.) In addition, the Spokesmen for pending LHC 
experiments (Peter Jenni for ATLAS, and F. Dydak for CMS) have shown strong 
interest in incorporating pixel detectors in their experiments. 

(D) Proton Decay Search: 

(D-l) 1MB Experiment/Fairport Mine Experiment. 

The University of Hawaii became involved in the "1MB" (Irvine-Michigan -
Brookhaven) Proton Decay Experiment when Dr. John Learned left Irvine to become a 
member of UH-HEPG and the DUMAND Project in 1980. Both DUMAND and 1MB 
employ the water-Cerenkov technique to detect fast-moving charged particles. Another 
Hawaii-IMB common interest jas been the shift over time of the scientific focus of the 
1MB experiment from searching for proton decay to detection of extra-terrestr ial 
sources of neutrinos. In the Spring of 1987 the 1MB experiment had the great good 
fortune to share in the detection of a burst of neutrinos from Supernova 1987-a, 
simultaneously with the Kamiokande underground water-Cerenkov experiment in Japan. 

Learned and graduate s tudent Robert Svoboda arranged within the 1MB 
collaboration that the Hawaii group would analyze upward-moving muons in 10,000 
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ton water-Cerenkov colume. Also on the agenda was the goal of establishing an 
upper limit on the flux of magnetic monopoles (which could be expected to interact in 
the water via the Rubikov process). 

In 1983-84 IMB's proton decay search emphasized the (positron -f- pi-zero) final 
state, which the SU(5) theory predicted would predominate. Null results on this 
proton decay mode were obtained from the initial 132 days of "live time" (detector 
sensitive). Later on, a whole host of alternative decay modes were investigated, with 
similar null results (within statistics). The limiting background in the 1MB experiment 
was expected to be cosmic ray (pion/muon decay) neutrino interact ions in the 
underground detectors. However, this firm null result proved to be extremely 
important, since it ruled out the simple SU(5) model. 

Also from this early sample, the Hawaii group was able to establish a rate for 
upward moving muons: 0.50 -\— 0.07 events/day (for zenith angles > 90 degrees), 
corresponding to a muon-neutrino intensity of 0.56 muon neutr inos/cm x 2/sec, with 
14% statistical uncertainty. 

In 1984-85 wavelength-shifters (coupled to the PMTs) were added to increase 
the sensitivity to Cerenkov light by about a factor of two. Also plans were made to 
retire the EMI 5-inch PMTs in favor of 8-inch Hamamatsu PMTs, in order to 
provide a further increase in light gathering power. 

In 1985-86 Bob Svoboda completed data-collection for his thesis on upward-
moving (neutrino-produced) "cosmic" muons in 1MB.. He received his PhD in June 
1986 and then moved on to a postdoc appointment at UC-Irvine in 1987. Mr. 
Stephen Dye took his place as the UH grad student working on 1MB. 

On February 23, 1987 Supernova 87-a in the Large Magellanic Cloud burst into 
view, visibly to optical astronomers and (for the first time in history!) in "neutrino 
light" to HEP neutrino physicists operating water-Cerenkov detectors in the Japanese 
Alps (KAMIOKANDE experiment) and in the Morton Salt Mine in Ohio, site of the 
1MB experiment. This was the first supernova visible to the unaided eye in 400 
years. It took only a few hours (after receiving the data tapes in Hawaii) for 
Learned and Dye (in telephone contact with Svoboda in Irvine) to find the t ime-
cluster of neutrino events and make the first angular and energy Fits. The supernova 
origin of these coincident events was an obvious possibility, so that the UH group had 
produced a draft of a Phys. Rev. Letter within hours. Comparing results with 
KAMIOKANDE, which by then had also analysed their events, it was clear that the 
events were real. (Later astronomers termed SN-87a (including neutrino detection) 
"the Astronomical Event of the Century".) Analyses of the SN-87a results, by many 
authors (see RP-88,-89,-90 references), produced valuable information on the properties 
of neutrinos, despite the limited statistics of only 20 events (from both experiments). 
For example, the spread in arrival time of the neutrino events sets an upper limit of 
about 20 electron masses on the mass of the electron neutrino. Over time, nearly 200 
physics papers were written on this remarkable event, and indeed new papers appear 
even now using this unique data for new inferences about the characteristics of 
elementary particles and gravitational collapse. 
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During 1988-89 the 1MB experiment was upgraded in hardware and software, 
and the analysis of (e+, piO) mode was extended (lower limit to proton lifetime in 
this mode became 3 x 10E32 years). Dr. Stephen Dye received his PhD, and 
accepted a position at Boston University. Mr. Ralph Becker-Szendy (graduate student 
in physics at Hawaii) joined the IMB-H experiment. 

In 1989 "1MB" was reorganized as "the Fairport Mine experiment", triggered by 
the departure of the Michigan group (Vandervelde, et al) to join with J. Cronin et al 
(U. of Chicago) in a massive air-shower experiment in Utah. Interest in detection of 
neutrinos (via upcoming muons) increased with time as it became evident that few (if 
any) clearcut proton-decays would be statistically significant in the present size 
detector. (In Japan, the Kamiokande group had achieved some success in reducing the 
level of radioactivity in their water-tank so that event-detection energy thresholds for 
proton decay were even lower at Kamiokande than at Fairport; also plans for a 
"Superkamiokande" detector were underway.) 

In 1990, DOE-HEP appointed a committee (headed by Prof. Robert Lanou of 
Brown University) to review the status and future prospects of the Fairport Salt Mine 
experiment (also called "IMB-3" by the initial group members). In addition to Irvine 
and Hawaii (plus some involvement from Brookhaven), new members of the 
Collaboration included Boston University (S. Dye, et al), Notre Dame, and Louisiana 
(R. Svoboda). From Hawaii, Ralph Becker-Szendy and Gary McGrath (new grad 
student) pitched in to help replace defective resistors on all PMT voltage-divider 
chains. Dr. Shige Matsuno was hired (by UCI, the "IMB-3" Collaboration organizing 
group) from Hawaii in order to have a full-time resident physicist in charge at the 
mine (a position previously filled by a Michigan staff member). The program of 
replacing EMI 5" PMTS with Hamamatsu 8* PMTs was (finally) completed. The 
Lanou committee recommended "continuation for another 3 years". (In addition, the 
Bahcall Astronomy and Astrophysics panel favored 'another 5 years or more".) It 
was pointed out that the Fairport detector was well-located to detect neutrinos from 
the future Fermilab Main Injector (600 km. away) and thus could be useful in 
detecting neutrino-oscillations (1000 events in 6 months were predicted). As a result, 
DOE decided to plan for another three years of Fairport Mine water-Cerenkov 
operation. 

Unfortunately, in April 1991 a major disaster struck: the plastic-walled water 
tank developed a leak, which spread rapidly, dissolving salt and threatening collapse of 
the entire array of PMTs. All groups rushed available manpower to the mine to 
conduct rescue operations (and save the PMTs). A Collaboration meeting in Boston 
in June 1991 reviewed the situation, and resolved to seek DOE support for a repaired 
(and upgraded) IMB-4 detector (estimated cost: $2.55 Million). 

However, after lengthy and detailed consideration, DOE-HEP concluded that it 
was better to work out a cooperative arrangement with the Japanese Proton Decay 
effort (Superkamiokande), with USA constributing manpower and hardware (reuse of 
IMB-3 PMTs and some other equipment). Hence, effectively the IMB-1,2,3 (Fairport 
Salt Mine) experiment came to an end as far as operations were concerned. 
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Several lists of publications are included in the "Publications" sections of R P -
84,-85,-86,-87,-88, -89, and -90. Although Proton Decay has NOT been detected, 
the significant null experiments have set severe lower limits on the lifetime of proton 
decay, for various modes and for the inclusive process. 

(D-2) KEK Beam Test (preparation for Superkamiokande). 

As part of the initial phase of cooperation, the 1MB group (with some new 
addiitions) joined with their Kamioka colleagues in an experiment at KEK employing a 
1000 Ton water tank in a test beam. The purpose of the test is to verify the ability 
of both experiments to distinguish between low energy (100 MeV to 1 GeV) single 
track muon events and single track electron events. Of particular interest are 
systematic effects which might reduce the muon neutrino flux, or enhance the electron 
neutrino flux, relative to calculations. The ratio, R, 

R = {observed muons/electrons}/{predicted muons/electrons} 
should be much more reliable than observed/calculated absolute fluxes. Any deviation 
from unity ratio would then be subjected to further analysis: of course, the main 
interest is to detect evidence for (or against) neutrino oscillations. Both 1MB and 
Kamiokande have worked hard to reduce uncertainties in their results. Much effort 
has been expended on all these, but particle identifications can only be checked in a 
beam test and that is what was proposed (and is being carried out) at KEK. 

The tank was constructed during 1993 and installation was begun then. Jacob 
Hudson, graduate of the UH Haleakala experiment, went to KEK to help with initial 
preparations in December 1992 through March 1993, when he helped with the 
construction of beam monitors. After March 1993 Hawaii had relatively little 
involvement in the KEK beam test until John Flanagan was sent to KEK in January 
1994, after which he has played a major role in the on-site team. 

In the new Superkamiokande collaboration, UH has assumed responsibility for the 
inner detector calibration apparatus, which will be built in late 1995/early 1996, for 
operation as the experiment comes on-line in 1996. 

(E) High-Energy Gamma Ray Astronomy. 

(E-l ) Mount Hopkins 10-meter Reflector Experiments (1981-1986). 

In 1980 Prof. V. J . Stenger and grad s tuden t Pe te r Gorham began a 
collaboration with Dr. Trevor Weekes' Harvard-Smithsonian group at the Whipple 
Observatory on Mount Hopkins (near Tucson, Arizona). The main instrument is a 
10-meter optical reflector (80 m*2 area) which collects the Cherenkov light from 
electron-photon air showers produced high in the atmosphere and focusses it on an 
array of phtomultiplier tubes (PMTs). Previously, Trevor Weekes, together with 
collaborators from Dublin and Iowa State University, had worked for years to upgrade 
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the reflector and increase its sensitivity. The addition of the Stenger-Gorham effort 
from Hawaii led to significant improvements in the PMT readout electronics. 

The scientific objective of High Energy Gamma Ray Astronomy is to identify 
astophysical point sources of high energy gamma rays, which could come from high 
energy hadron interactions (e.g., production and decay of pi-zeros). One possible 
source of such high energy interactions could be binary star systems, in which 
gravitational forces supply the energy for high-energy proton-nucleon collisions which 
produce pions. If this model is correct, charged pion decays (leading to neutrinos) 
should accompany neutral pion production/decay. Detection of high energy gamma-
rays from astrophysical sources would be a strong indicator that such sources could 
also produce high energy neutrinos. 

In FY83 the main goal was to search for very-high energy gamma-rays 
(VHEGR) from pulsar PSR-0531, using the new two-dimensional imaging array (36 
PMTs at the focus). At that time NO signal had been found from most of the 
possible sources studied, including the CRAB, M87, SS433, CG195, and 4C2153 (a 
millisecond pulsar). There was some indication of a signal (3 to 4 sigma effect) from 
CYGNUS X-3, a well-known x-ray binary. However, the signal was sporadic, adding 
to the difficulties of being able to observe only on moonless nights. Yet there were 
encouraging reports on detection of muonless signals from CYGNUS X-3 from the Kiel 
group (Stamm and Samorski). 

In FY84 the Hawaii team chose to concentrate their analysis on extra-galactic 
gamma-ray sources: quasars, Seyferts, BL Lacs, and active galactic nuclei, while 
continuing the overall collaboration effort to extend the imaging array and studying 
the CRAB and CYGNUS-X-3 as a "standard candle". Results were presented at the 
Bangalore Cosmic Ray Conference, the ICOBAN meeting in Park City, Utah, and at 
the Washington, DC APS meeting. V.J. Stenger's paper on "The Production of Very 
High Energy Photons and Neutrinos from Cosmic Sources" was published in the 
Astrophysical Journal (Sept. 84). 

By FY85 the Kiel group reported detection of a 4.8 hour period in CYG-X-3's 
gamma-ray flux (same as the X-ray period). This report encouraged work at Mt. 
Hopkins, despite the fact that the Mt. Hopkins' results showed only sporadic signals 
from the direction of CYG-X-3 . Grad student Peter Gorham chose to study 
Hercules X- l for his PhD thesis. This study yielded data provided confirmation of 
the signal from Her-X-1 reported by the Durham group. Gorham received his PhD 
from UH in May 1987, and accepted a position in Astronomy at CalTech. 

In August 1985 a total of six papers reporting results from Mount Hopkins were 
presented at the 19th International Cosmic Ray Conferencer at La Jolla. This 
included the Gorham-Stenger Hercules X - l results, plus Mount Hopkins data on the 
Crab Nebula and Cygnus X-3 . Limits were placed on the flux from Geminga and 
M31. (The M31 study was the sole responsibility of the Hawaii group; ujnfortunately 
it failed to verify an earlier signal reported by the Durham group.) 
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By 1986, with a much improved detector, the Mount Hopkins group concluded 
that they were able to detect a definite signal only from the Crab! Their technique 
had been improved substantially by adopting (and implementing) a suggestion made by 
Prof. A. M. Hillas (Leeds) to discriminate between hadron-induced and primary-photon 
electromagnetic showers. Hillas' idea was hadron-induced showers could be resolved 
from gamma-ray-induced showers from pattern-recognition of shape, and that Hopkins 
should take full advantage of their imaging detector. Since that time more PMTs 
have been added, and the S/N ratio for the Crab nebula has increased to over 18- to-
1! (Mt. Hopkins did not confirm reports of a pulsar in the Crab, nor did it find 
evidence for periodic variations in gamma flux from Her-X-1 and Cyg-X-3 . This 
failure to confirm earlier reports cast considerable doubt on the validity of earlier 
reports.) 

(E-2) Air-Shower Cherenkov Telescope on Haleakala (the Wisconsin-Hawaii-
Athens-Purdue (WHAP) Experiment!. 

During the early days of DUMAND planning in Hawaii (1980), the logical 
interrelationship between astrophysical sources of high-energy neutrinos and high-energy 
gamma-rays was often discussed. Prof. Leonidas Resvanis (Athens), who was then 
trying to form a HEP group at Athens, became interested in building a VHEGR 
telescope on Mount Olympus in Greece. W. F.(Jack) Fry and Ugo Camerini of 
Wisconsin, plus James Gaidos (Purdue) volunteered to seek DOE support to construct 
a new-type of VHEGR telescope and help install it in Greece, if Resvanis could 
provide the facilities and staff to operate the telescope. John Learned, newly arrived 
in Hawaii, also became interested in the project, based on its presumed close 
relationship to astrophysical neutrino sources. However, Hawaii's primary commitment 
to DUMAND — and limited funding did not permit active involvement in the 
Mt. Olympus project. (Furthermore, Stenger and Gorham were committed to 
VHEGHR work on Mount Hopkins.) 

During 1982 and 1983 a gamma-ray telescope, consisting of six 1.6m diameter 
mirrors mounted on a polar axis, was built (mainly at Wisconsin, partly at Purdue), 
in preparation for shipment to Greece. However, during this time the political 
situation in Greece deteriorated so that Prof. Resvanis was no longer able to guarantee 
support and staff to operate the telescope. Due to the interest of both Vic Stenger 
and John Learned in VHEGR physics, and with the strong commitment by Wisconsin-
Purdue that they would be "primarily responsible for installation, construction, and for 
staffing and maintenance", Hawaii PI V. Peterson helped Jack Fry negotiate an 
agreement with the UH Director of the Institute for Astronomy (John Jeffries) to 
provide space on Haleakala for the VHEGR telescope. The agreement called for 
Hawaii to only provide liaison and available office space to visiting VHEGR physicists. 

The telescope arrived on the mountain in May 1984 and was made functional 
within about 6 months time. By August 1985 the first data were available for 
analysis. This analysis was by a Wisconsin grad student (Andrew Szentgyorgi), with 
the help of a new Hawaii grad student (Dan Weeks). The Purdue effort in Hawaii 
was represented by Research Associate Dr. Charles Wilson, although his main effort in 
Hawaii was mainly for DUMAND. 
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The principal features of the Haleakala telescope were quite different from the 
Mount Hopkins telescope. The Mount Hopkins telescope had a large mirror (10 m 
diameter) with a single focus where 36 PMTs were clustered to provide pat tern 
recognition. Background rejection was accomplished by setting a high PMT trigger 
threshold (40 p.e.) and by pattern recognition of PMT hits. Halekala's telescope had 
6 small (1.6 m. diameter) mirrors, each viewed by 6 PMTs —3 on-source and 3 off-
source. Fast coincidences were required in order to reduce background. Haleakala's 
emphasis on the time-domain was based on the fact that gamma showers, in addition 
to being slimmer spatially than proton showers, produce a pulse of only a few ns. 
compared with perhaps 10 nsec. for proton-induced showers. 

The FY86 Hawaii renewal proposal included a request for support of increased 
Hawaii participation in the Haleakala VHEGR experiment, at the level of 1/3 of the 
operating costs. This was granted and VHEGR continued to attract graduate students 
who not only found the astrophysics interesting but also preferred working in Hawaii 
to lengthy commutes to distant accelerator centers. 

The first PhD thesis from Halekala data was submitted by a Wisconsin grad 
student (Andrew Szentgyorgi) in late 1986, based on date obtained in 1985 on Cygnus 
X-3. Szentgyorgi found a 2.5 s.d. (average) excess signal on Cygnus X-3 for the 
July-October 1985 period. After being awarded a PhD degree from Madison, Dr. 
Szentgyorgi accepted a position as Assistant Professor at Columbia University. 

Hawaii graduate student Daniel Weeks chose to search for VHEGRays from X -
ray binary 1E2259+586, which was the subject of earlier puzzling results by the 
Soudan underground detector group (who claimed to have detected bundles of muons 
coming from 1E2259+586). A sustained effort through 1987 accumulated over 100 
hours of observations, but no significant conclusions could be drawn from the data. 
After receiving his PhD, Dr. Weeks left for a postdoctoral position in Japan. 

A second Hawaii graduate student (Gus Sinnis) joined the Haleakala VHEGR 
experiment in 1986 in order to continue the Cygnus X-3 study, following Szentgyorgi's 
work. Although Sinnis completed his thesis, the data was sparse; operationally, it 
again proved to be difficult to accumulate adequate statistics in order to drawn 
definite conclusions. 

In 1987, after two full years of operation on Haleakala, the cumulative 
operational experience was sufficient to demonstrate fundamental problems with optical 
detection of high energy gamma rays via detection of light from electron showers. A 
given source can only be seen at night for a few months during the year, so that one 
can take data during only about 100 hours per year. (This amounts to a net duty 
factor of about 1%). Furthermore the objects observed so far are all episodic. The 
limited data-taking conditions ("beam-on, night dark") were difficult to meet, so that 
accumulation of statistics was discouragingly slow. 

Nevertheless, by June 1987 the Wisconsin-Hawaii-Athens-Purdue (WHAP) 
Collaboration had turned out four (4) conference papers (see Durham, England 
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conference of August 1986). These were preliminary analyses of four sources: Cyg-X-
3, Her-X-1, 4U0115+63, and the Crab. 

During 1987-88 a number of significant improvements were made to the WHAP 
facility in try to improve the S/N ratio. A small "outrigger" telescope on a movable 
test bed was added to sample the EAS at various spatial locations, in the hope that 
differenceas in the light distribution could be utilized to discriminate beatween hadron 
and photon induced showers. The mirror area was also increased from 10 m A 2 to 14 
m*2, and the optics was simplified by going over to 26 small mirrors of high quality, 
with one PMT at the focus of each mirror. It was expected that this would lower 
the energy threshold for acceptable shower triggers by a factor of 2 to 3. A new 
graduate student (Linda Kelley) joined the group to extended the study of Her-X-1. 
Another graduate student (Jacob Hudson) took on the task of adding supplementary 
water Cherenkov counters (drums of water, with a PMT inside) to measure the 
number of muons coincident with photon showers. 

By late 1988 the Haleakala group at last had the satisfaction of publishing fully-
refereed papers on the observation of VHE Gamma Rays from Hercules X - l 
(Astrophysical Journal 328, L9-L12 (1988)), which were is close agreement with results 
from the Mount Hopkins group (Astrophysical Journal 328, L13-L16 (1988)). Both 
observed an "anomalous" frequency of modulation of the intensity of gamma rays 
which did not agree with the frequency observed in X-ray emission from Her-X-1. 

The addition of the outrigger telescope (moved 100 m. apart from the main 
telescope in 1989 to better time-resolve hadron-induced showers from photon showers) 
did NOT reduce the background by an appreciable amount. Hence the collaboration 
was forced to consider the long-range prospects of undertaking steps to increase our 
sensitivity to gamma ray sources. By 1990 it had become clear t h a t , without 
significant further improvements, it would be an uphill struggle to obtain new and 
significant physics results. Some new ideas included: (1) reduction of scattered light 
by shielding around the edges of the mirrors; (2) adding an energy trigger; and (3) 
modifying the apertures. 

These hoped-for improvements were tried in 1990-91, but did not make a 
significant difference in background rejection. Accordingly our Renewal proposal for 
1991 (section on Haleakala) included the following paragraph (composed by the most 
optimistic member of the VHEGR group): 

"The future of VHEGR has become cloudy in the last year. ...There has 
been an incease in skepticism in the community about the ability of observing groups 
to find ... really unimpeachable observations of TeV emitting objects. The results 
from Mt. Hopkins, of finding only the Crab as a DC source, using imaging in a 
convincing way, cast doubt upon all the time varying observations. One must 
conclude either that all other observations are wrong, or that many of the signals seen 
are not gamma rays. It is just too difficult for the meager returns. The signa;-to-
noise ratios are too small for detection most of the time." 
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After this realistic analysis, in which all members of the WHAP Collaboration 
agreed, it was decided to close down the Air Cerenkov Telescope on Haleakala. 
(Purdue and Wisconsin used their equipment for the South Pole neutrino experiment. 
Athens had already begun planning for a Mediterranean DUMAND-type neutrino 
experiment.) 

An Italian group from Padua and Pisa (Prof. Marcello Cresti, et al) made a 
serious proposal to install their Cerenkov Light Ultraviolet Experiment, or CLUE, on 
Haleakala, in place of the WHAP Cherenkov telescope, if some degree of UH-HEPG 
collaboration could be arranged. Unfortunately, the increasing demands for accessible 
Mountaintop space on Haleakala, plus the increasing technical and administrative 
problems of managing the crowded Haleakala site, forced the Institute for Astronomy 
to impose strict rules (and financial requirements to cover installation and maintenance 
costs) on all new applicants. In addition, the permit process is so lengthy that it 
could be years before a firm decision could be reached. In any event, the Italian 
CLUE group has decided to seek a more hospitable location elsewhere. 

(F) DUMAND Project: High Energy Neutrino Astronomy. 

(F - l ) Brief summary of DUMAND development prior to 7-1-83: . (under 
Contract AT03-81-ER40006). 

Hawaii's role in DUMAND, previously merely only participation in annual 
summertime DUMAND Workshope, became central when the Hawaii DUMAND Center 
(HDC) was established in early 1980. UH-HEPG PI V. Peterson was able to obtain 
UH support for one DUMAND research position, to be matched by DOE; this enabled 
UH-HEPG to hire Dr. John Learned (from Irvine) and Dr. Arthur Roberts (from 
Fermilab). Two Naval Ocean System Center (NOSC)-suppor ted Site Studies 
demonstrated that the ocean-bottom site off-shore leeward of Big Island was an ideal 
location for the long-discussed Standard DUMAND Array (36-strings over a cubic 
kilometer of instrumented volume). The HDC team of faculty members V. Peterson 
and V. J. Stenger (both part-t ime), plus newly-hired members Learned and Roberts 
(both full-time on research), launched small-scale R&D projects, such as developing a 
prototype optical detector for Cherenkov photons emitted by relativistic muons in 
water. The primary goal was to demonstrate the technical and economic feasibility of 
building a DUMAND array. 

A DUMAND Feasibility Study and proposal to develop and test a Short 
Prototype String (SPS) was concluded in November 1982 and submitted to DOE-HEP. 
It was considered (in competition with other Non-Accelerator Physics projects) by the 
DOE-established ad-hoc Experimental Technical Assessment Panel (ETAP) on Non-
Accelerator Physics. A subpanel on neutrino astrophysics, chaired by Prof. Robert 
Adair (Yale), met in April 1983 and endorsed the basic request of DUMAND, namely 
that Stage I of its proposal — construction of a Short Prototype String —be approved 
and funded (see PR-83 for details). 

(F-2) Short Prototype String fSPSl Experiment. (1983-88) 
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The SPS design consisted of a vertical string of seven optical modules (OMs), 
spaced 5 m. a p a r t , suspended from a surface ship (NOSC's S W A T H - s h i p 
KAIMALINO, based on Oahu). The SPS initial Collaboration included cosmic-ray 
physicists from Hawaii, the Institute for Cosmic Ray Research (ICRR) in Japan, UC-
Irvine, Purdue, Madison, Scripps Institution of Oceanography, CalTech, Vanderbilt, 
Bern (Switzerland), and Kiel (Germany). (For details on the various tasks undertaken 
by various groups, see PR-84, Section 7). 

The OMs were based on the Hamamatsu 15-inch photomultiplier tubes (PMTs) 
(a smaller version of the 20" Kamiokande PMT). A 6-km. long custom-built electro-
optical cable was designed to carry electrical power and fiberoptic digital signals from 
surface ship to suspended deep-ocean string. Custom-built electronics in the String 
Controller was built to accept random-access PMT pulses from all 7 PMTs, and 
forward to the surface ship properly coded data via optical fibers within the 6-km 
cable. The ship-board computer collected, organized, and processed the data on-line. 

Prior to the data- taking, a series of Monte Carlo simulations of the SPS 
experiment were made in order to prepare for analysis of the data. Also a series of 
ocean-light background measurements were made, at various depths, to anticipate the 
background counting rates and prepare for coincidence-rejection of these random 
backgrounds. Several papers on bioluminescence in the deep ocean were published in 
marine-biology journals. 

Although the SPS project took five years (1983-1988) to complete, and cost 
about $1.5 Million (operat ional /equipment costs for all groups involved) , it 
demonstrated the feasibility of DUMAND's primary technical features, namely: 

(a) Design and construction of a pressure-tolerant (500 atmospheres at 5 
km. depth) optical module that detects Cerenkov light from relativistic charged 
particles (muons) emitted in neutrino interactions; 

(b) Operation of a string of (seven) OMs, powered via a 6 km. electro-
optical cable from shipboard and remotely- controlled by a String Controller 
(part of the underwater string). 

(c) Fiberoptic retrieval of basic PMT output data (pulse-height, timing) via 
optical fiber bundled with the support/power cable. 

(d) Demonstration of tolerable ocean background light (bioluminescence, K-
40 beta activity), which can be drastically reduced by imposing electronic and 
spatial cuts. 

(e) Retrieval of rare muon signal pulses in the presence of a large 
background of random single-photoelectron pulses). Muon signal identification 
required strict space-time causality (PMT pulses sequential in t ime, from 
different optical modules, with time-separation corresponding to the passage of a 
relativistic straight muon track). 

A paper describing the results of the SPS Experiment ("Cosmic-ray muons in the deep 
ocean", Phys. Rev. D42, 3613 (1990)) provides details. This paper shows that the 
DUMAND-measured zenith angular distribution and the variation with depth of the 
muon intensity are consistent with existing data on cosmic ray muon flux. 
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The main outcome of the SPS experiment was successful development of the 
basic underwater Cerenkov-light detector, in all its single-string aspects. The most 
difficult technical problems had to do with the String Controller which had to be 
operated under high hydrostatic pressure (5 km. depth), in a confined space, and 
involved using many electrical and fiberoptic feed-throughs. 

Nevertheless all these technical problems were solved for the SPS, as the result 
of persistence and hard work. 

(F-3) 9-String Array Proposal: HEPAP review/approval. 

The success of the SPS experiment led to a proposal to build an intermediate-
size array, as the next-step towards DUMAND standard array of 36 strings. The 
Proposal for DUMAND II: A Deep Ocean Laboratory for the study of High Energy 
Neutrino Astrophysics and Part ic le Physics was drafted by an in te rna t iona l 
collaboration of 10 institutions, namely: 

USA: Hawaii, Wisconsin, Seattle, Boston (DOE)** 
Vanderbilt (NSF). 

Japan: ICRR-Tokyo and Tohoku University. 
Germany: Univ. of Kiel, and Univ. of Aachen. 
Switzerland: Univ. of Bern. 

(** UC-Irvine was initially part of the proposal, but withdrew to propose 
GRANDE instead.) 

The DUMAND-II proposal was for 9 strings, each with 24 Optical Modules 
(OMs), or 216 OMs total. Eight of the nine vertical strings are arrayed around the 
perimeter of an octagonal cylindrical volume, with the ninth string in the center. 
Measurements of deep-ocean water transparency (25-35 meters) were used in Monte 
Carlo simulations to determine optimum spacings: OMs 10 meters apart vertically on 
strings, and strings spaced 40 m. apart around the octagonal perimeter. (See tables 
and figures of the Proposal for further details.) 

This DUMAND-II Proposal was submitted to DOE on July 27, 1988 from the 
Hawaii DUMAND Center (University of Hawaii), on behalf of the DOE-supported 
USA members. Copies of this DUMAND-II proposal were also submit ted by 
Vanderbilt (to NSF-USA), and by the foreign institutions to their respective research-
supporting agencies. 

This new DUMAND proposal to DOE involved some reorganization of the 
DUMAND Collaboration. Sometime after the DUMAND-II proposal was submitted, 
the CalTech group decided to drop out (since their big MACRO experiment at Gran 
Sasso was approved); fortunately, the Seattle (U. Wash) High Energy Physics group 
volunteered to take over CalTech's role. A Boston University group, led by Dr. 
Stephen Dye (UH PhD, thesis on Supernova 1987a) undertook to develop the Fast 
Digitizers needed in the String Bottom Controllers. In Europe, our Bern collaborator 
(Prof. Peter Grieder) recruited another senior faculty member (Prof. Peter Minkowski) 
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and submitted the DUMAND-II Proposal to the Swiss-NSF. In Germany the 
DUMAND group at Kiel, led by Prof. Allkofer, was joined by Prof. Peter Koske 
(Director of the Applied Physics Institute). Elsewhere in Germany, Dr. Peter Bosetti 
(Aachen) also joined the German effort on DUMAND. 

The technical responsibility of each group was specified in this Proposal, 
including the estimated cost of each technical task. Foreign groups agreed to utilize 
this Proposal to back up their own requests for support, in their own country. 

The initial estimated construction cost of DUMAND-II, deployed, was $9.1 
Million.. The amount requested from DOE-HEP was $4.8 Million, to cover the tasks 
assumed by Hawaii, Madison, CalTech (Seattle), and Boston. 

This DUMAND-II proposal was referred to a HEPAP Subpanel, chaired by Prof. 
Robert Adair (Yale). This subpanel met in February 1989 and considered DUMAND-
II along with two other Non-Accelerator Proposals: an upgrade of Fly's Eye, and the 
GRANDE proposal by UC-Irvine. Only DUMAND-II was recommended favorably by 
the subpanel to the full HEPAP. 

At the next full HEPAP meeting (May 1989 at Fermilab), Subpanel Chair Adair 
presented the subpanel's positive recommendation on DUMAND-II. After some 
questions and discussion, members of HEPAP voted unanimously to recommend to 
DOE-HEP that DUMAND-II should proceed. 

(F-4) Technical/Cost Reviews: TCRT-1. 

For a Major Construction Project, DOE-HEP's standard procedure is to appoint 
a Technical/Cost Review Team (TCRT) to undertake a full review of both technical 
and cost aspects of each new project and follow progress at regular intervals thereafter. 
The first review team (which we label TCRT-I) was chaired by David Sutter and met 
in Hawaii for three days (November 13-14-15, 1989). Various members of the 
DUMAND Collaboration made detailed presentations on technical and cost aspects of 
the "DUMAND-II" project. All DUMAND groups sent representatives, who outlined 
their plans and were quizzed by TCRT-I members. A major feature of this review 
was an item-by-item comparison of costs (DUMAND vs. TCRT). The bottom-line 
total cost estimates for DUMAND-II were: 

Total cost: TCRT = $10.0 M DUMAND = $9.1 M 
Cost to DOE: TCRT = $ 6.0 M DUMAND = $5.3 M 

including overall contingency ammounts of 28% (TCRT) and 18% (DUMAND). 

TCRT-I later provided a report on their review, which took five months to 
release (April 1990). (These TCRT reviews are detailed and are regarded as the 
major record of DUMAND progress, schedule, and costs to DOE.) 

TCRT-I also listed Action Items, including another review of estimated costs by 
DUMAND, prior to possible DOE funding. By the deadline of February 10, 1990, 
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DUMAND revised its $5.3 M overall DOE cost downwards by $0.5 M (to $4.8 
Million), thus agreeing with its original proposal estimate. DOE also requested a 
joint meeting with a responsible University of Hawaii official; thus on February 21, 
1990 DUMAND-Director V. Peterson, accompanied by UH Vice-President for 
Research David Yount, met in Germantown with Dr. P. K. Williams (Head, University 
Research Branch of DOE-HEP). While in Washington, Director Peterson was asked 
to (immediately) provide separate cost-estimates for Stage I (1st 3 strings plus cable 
and junction box, deployed) and Stage II (completing the 9-string array) . The 
meeting concluded with VP Yount reaffirming University support for 3.0 F T E 
DUMAND engineering positions, for the active life of the project. Dr. Williams 
promised to expedite official DOE approval (from Dr. John O'Fallon, head of DOE-
HEP) in order that UH staff could begin work on Phase I. 

On April 24, 1990 Dr. O'Fallon released a formal letter of the "decision by the 
Division of High Energy Physics to proceed with the DUMAND II experiment", subject 
to (a) a $4.8 Million overall cost-to-DOE estimate, (b) Phase I cost-to-DOE estimate 
of $2.5 Million, and (c) "all optical elements to be provided by non-U.S. sources". 
Also it was made clear that success in Phase I was a prerequisite to moving to Stage 
II. We were wished "the best of luck and good hunting for point sources of high 
energy neutrinos". 

Groups in the DUMAND Collaboration then set to work with great enthusiasm. 
With the SPS warm-up (and extensive R&D) behind us, progress was rapid initially. 
The University (via RCUH = Research Corporation of the University of Hawaii, and 
its Director Dr. Fujio Matsuda, retired UH President) provided advance funding 
commitment so that DUMAND could place the order for the 40-km. Shore Cable — 
-the longest lead-t ime purchase involved. Limited DOE funding ($100,000) was 
provided for initiation of other tasks, until TCRT-II would meet in January 1991. 

(F-5) TCRT-II (Daniel Lehman, chairman) met January 9-10, 1991 to review 
progress made since late April 1989. (See the TCRT-II report for details). At UH, 
much of 1989-90 involved recruiting an engineering staff at Hawaii DUMAND Center, 
and expediting the Shore Cable design and order. HDC personnel also helped in 
obtaining funding for optical modules in Japan, arranged funding for initial work on 
electronics development (Boston), acoustical surveying (Seattle), and a start on data 
acquisition software (Madison). 

A major setback for DUMAND in Germany was the sudden death in late 1990 
of Prof. O.C. Allkofer (Univ. of Kiel). However, his Kiel colleague (Prof. Peter Koske, 
Director of Kiel's Applied Physics Institute), pledged his best effort to provide the 
basic commitments which Kiel (Allkofer) had made to DUMAND: namely, (a) to 
provide the cable power supply; (b) to work with other German groups (P. Bosetti, 
Aachen) to provide EOMs (European Optical Modules, based on the Phillips "smart" 
PMT); and (c) to cooperate in providing oceanographic technical information of which 
Kiel's Applied Physics Institute (involved in many ocean-related projects) had special 
knowledge. 

The Natural Energy Laboratory-Hawaii, NELH) agreed to seek State funding to 
construct an addition to a NELH existing laboratory building, to provide space for the 
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DUMAND Shore Station. DUMAND agreed to rent space, at standard rates paid by 
other NELH occupants, upon beneficial occupancy. 

Unfortunately, the hoped-for availability of Scripps RUM-IH (Remote Underwater 
Manipulator, Model III) for future ocean-bottom interconnections (of str ings to 
Junction Box) fell through when NSF/ONR Joint Oceanographic Program turned down 
the SIO (Scripps Institution of Oceanography) proposal for upgrading RUM-II I . 
However, other deep ocean submersibles with manipulators (the Navy's manned 
SeaCliff, or it unmanned ATV (autonomous tethered vehicle)) were stated to be 
available, upon recommendation by Howard Talkington (Technical Director, NOSC-San 
Diego). In 1992 the first DUMAND operation with SeaCliff, an ocean-bottom (4800 
meters depth) survey at the DUMAND site, took place. It confirmed the level-plain 
description of the DUMAND site deduced earlier from preliminary surface-ship acoustic 
measurements. Either SeaCliff or ATV seem fully capable of making string-Junction 
Box connections. 

Responding to TCRT's concern about the need for professional expertise in 
future Deployment operations, DUMAND arranged to involve a local ocean engineering 
firm Makai Ocean Engineering (MOE). MOE has had extensive experience with 
deployment operations in Hawaiian waters, for NELH and others, including a DOE-
funded feasibility study to lay interisland power cable. 

The review of costs-incurred was brief (since only $100,000 of DOE funds had 
been made available). Increases in estimated cost for the Fast Digitizer (Boston), and 
for more precise acoustic location of modules (Seattle) were questioned. Director 
Peterson pointed out that Seattle had only recently taken over from CalTech and 
found compelling need to revise CalTech's design. Furthermore the Boston Univ. 
group's expertise in digitizer development was vital to DUMAND (no other group in 
DUMAND had the expertise in-house). Furthermore, the estimated cost increases were 
within the contingency allowance. Effort would be made to restrain cost increases. 

(F-6) TCRT-IH (J. Mandula, chairman) met Jan. 28-29, 1992 to review the 
status and progress since TCRT-II . (See DOE review report for details). Major 
progress was noted by all groups, especially the Japanese work on Optical Modules 
(which may compensate for the expected shortfall in European Optical Modules). The 
efforts of new DUMAND Project Manager (Peter Gorham) were noted with approval. 

However, TCRT-III expressed major concern over the increase in estimated cost 
of completing Phase I ($2.5M to $3.5 M), due to (a) the need for Shore Cable 
redesign and reworking, (b) Seattle's improved acoustic location hardware, (c) higher 
costs for Boston's Fast Digitizer, and (d) DUMAND's decision to anticipate Phase II 
needs (e.g., cables) to take advantage of lower unit costs in bulk. (DUMAND should 
have asked DOE for permission to purchase Stage II components.) V. Peterson noted 
that in Feb. '89, when DOE (on short notice) requested the Phase I/Phase II division 
of estimated costs, there was as yet no engineering staff at HDC. After detailed 
analysis of avoidable/unavoidable shifts in costs from Stage II to Stage I, DOE finally 
accepted a shift of $0.5 M in funding; i.e, Phase I = $3.0 M, leaving $1.8 M for 
Phase II. 
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Also noted with concern was the predicted schedule delays of 6 to 9 months 
beyond the previous 3-string deployment date of September 1990. (The new schedule 
called for deployment of (Shore Cable + Junction Box _ String #1) by June 1993.) 
Also noted was NSF's apparent inability to support the Vanderbilt effort (Calibration 
Modules). 

On the positive side, TCRT-III noted the recent evidence that Active Galactic 
Nuclei may provide neutrino sources, which could increase the probability of detecting 
very high energy (PeV) neutrinos. 

(F-7) TCRT-IV (D. Lehman, chair) met January 19-21, 1993. This committee 
of cost/technical experts was extended to include not only Dr. P. K. Williams but also 
Dr. John O'Fallon, Head of DOE High Energy Physics. TCRT-IV noted significant 
personnel changes at Hawaii affecting DUMAND: Vince Peterson officially retired 
(Aug. 31, 1992) as a full-time Professor at UH. This also meant he could no longer 
serve as Director of DUMAND and as Principal Investigator of the Hawaii High 
Energy Physics Group. His successor as PI (UH-HEPG), Prof. Stephen Olsen, 
assumed overall responsibility for DUMAND; however Prof. John Learned will act as 
Spokeman for DUMAND and Dr. Peter Gorham will be in charge of day- to-day 
DUMAND operations and planning. 

The TCRT stated that it was "impressed by progress made during the preceding 
year, with all technical elements progressing well, and apparently no technical problems 
which threaten the deployment schedule (Fall 1993)". However, concern was 
expressed at the lack of completed software development in order to be ready for 
actually operating the DUMAND three-string array. The TCRT emphasized the 
importance of a successful 3-string operation to confirm the mult i -s tr ing technical 
feasibility of DUMAND. 

The estimated cost of DUMAND remained an area of serious concern to DOE, 
since the total cost of completing Phase I (including $349 K expended for Phase II 
cable and other materiel) was estimated at $3609 K, or $600 K above the FY92-
revised budget of $3000 K. The main reasons for this increase were: (a) Phase II 
advance purchases ($349 K); (b) HDC increased expenses ($150 K); (c) other DOE 
groups' increased costs ($150 K). 

After several months of further interaction between DOE-HEP and DUMAND, 
the net request from DUMAND (all groups' needs to complete DUMAND II-Phase I) 
was $648 K. In a letter (dated 3/3/93) from Dr. P. K. Williams to Prof. Stephen 
Olsen, DOE-HEP responded with an amended DOE DUMAND II Equipment funding 
plan which provided $648 K of additional Phase I funding over three years ($200K, 
$200K, $248K in FY-93 . -94 , -95) plus $349K in Phase II equipment funding 
reimbursement. This increased DOE-HEP's commitment to DUMAND-II to a total of 
$3958 K. 

(F-8) Assembly and Deployment of Cable/J-Box/String # 1 . 
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The earlier time schedules for Phase I DUMAND had called for deployment in 
Fall 1993, and pressure mounted to live up to this commitment. Optical modules 
from Japan (60 units, with PMTs) and Germany (12 units, with PMTs) were on hand 
by late-summer 1993, and assembly and testing of strings at Manoa was proceeding on 
schedule. Furthermore, firm commitments had to be made for a ship capable of 
deploying the Shore Cable + Junction Box + (at least) one String. Arrangements 
were made in November 1993 for the Oceanographic ship R/V Thomas G. Thompson 
(normally based at Seattle) for deployment in December 1993. (Rental arrangement 
[$180K cost from DUMAND budget] was necessary, since the earlier, provisional 
arrangement to utilize a much less expensive U.S. Navy vessel (R/V INdependence) 
was no longer possible due to DOD's conflicing needs.) 

With the advice and assistance of Makai Ocean Engineering, a plan for "hard
wired" deployment (i.e., string/J-box/Cable fully interconnected) was worked out, thus 
avoiding the need for a submersible to make electrical/fiberoptics connections. The 
single string was chosen to be the center string of the eventual 9-string array. A 
central location for the Junction box (equipped with TV-cameras and lighting) was 
also planned to monitor the later deployment of the remaining eight strings. 

During a week in September 1993 the necessary preliminary deployment of an 
outer ring of seabed-located acoustic transponders was carried out at the DUMAND 
site in order to provide acoustic signals to guide the deployment of DUMAND vertical 
strings of Optical Modules. These were successfully deployed, their acoustic responses 
tested, and positions calculated using Global Positioning System satellite navigation. 
(Acoustic triangulation techniques, developed by the Seattle group, are expected to 
locate each hydrophone on the string to within a few centimeters). 

The String Controller provides a system for accessing and digitizing the fast 
pulses from the PMTs in the Optical Module, and sending coded fiberoptic data 
information back to shore. The String Controller thus requires a large number of 
electrical and fiberoptic feedthroughs (two per Optical Module, or 48 per string). 
Each feedthrough (which must withstand 500 atmospheres of pressure differential) is a 
potential source of leakage of seawater into the electronics. Despite procurement of 
pretested pressure-tolerant commercial feedthroughs for optical fibers, the most reliable 
feedthrough was one developed in-house (by Dr. Daniel O'Connor, then a PhD grad 
student). (As noted later, 47 out of 48 feedthroughs were completely water tight 
during full-depth deployment and after many hours; however, a tiny, slow leak is 
enough to produce serious problems.) 

Since 72 OMs were on hand in November 1993, a decision was made in 
December 1993 to proceed with the plan to deploy Shore Cable/Junction Box/Center 
String as a hard-wired system. (To avoid the need for deep ocean interconnections 
at this point.) The mechanical operation was a success, in the sense that all 
components were deployed as planned, including the major task of deploying 32 km. of 
armored Shore Cable all the way to shore at Keahole Point. The final step of 
passing the Shore Cable through a pre-drilled conduit, well below shore-break, was 
also carried out successfully on December 16, 1993. (DUMAND is indebted to George 
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Wilkins and the State-funded Slant-Drilling project for having selected the DUMAND 
conduit as the first slant drilling operation.) 

During the deployment operation, the Center String was actively operated from 
the ship through the complete Shore Cable link. A small amount of Optical Module 
data was obtained which indicated tha t the OMs were operating as expected. 
However, this data was sparse, only enough to reconstruct one high energy event 
(probably a multimuon). 

About three days after the completion of the cable landing, the corrodable 
magnesium release parted, indicating that the Center String would assume an upright 
position. This coincided with a time when the JBEM acquired acoustic data from its 
small hydrophone array. At this point it appears that seawater poured into the 
bottom of the String Controller and complete a short-circuit to ocean ground by 
producing a high-voltage breakdown through the SC housing. This rendered the 
JBEM inoperable because all of the power lines are tied together onto the single shore 
cable conductor. 

After this fault, no further signals (or data) could be obtained from the One-
String DUMAND system. 

About a month after this termination of the Deployment operation, January 26-
28, 1994, a local vessel was chartered in order to recover and salvage the Center 
String. The remote release mechanism was actuated to cause the Center String to 
float to the surface. The damaged string was returned to base (at Manoa) for 
examination, diagnosis, and repair for later re-deployment. The leaking electrical 
feedthrough was identified, and future testing to prevent a reoccurrence planned. 

Information from the Deployment: Despite the failure to achieve complete 
success in deploying Cable/J-box/Center String, it is useful to briefly list the positive 
aspects of this major operation: 

(1) Successful deployment of 32-km. electrooptic cable to Shore, and powered 
linkup between Shore Station on land and Junction Box at Ocean bottom; 

(2) Accurate placement of J-Box and Center string, guided by network of 
acoustic transponders (in known positions). This operation involved extensive used of 
Global Positioning System feedback during pre-deployment ship operations. 

(3) Muon detection and tracking: although only operable for a brief period of 
t i m e ( o f a b o u t 10 h o u r s ) , t h e c o m p l e t e D U M A N D s y s t e m 
(electrical/electronic/fiberoptic data transmission) functioned well enough to record some 
actual through-going muon events with the single string, including one probable mult i
muon event. Successful reconstruction of even these few events also was a (simple) 
test of the analysis software. 

(4) First measurements of bottom-moored background-light levels using full-size 
Optical modules. As expected, the stationary Optical Modules showed much lower 
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bioluminescence levels (than previous ship-suspended detectors). Thus bioluminescence 
deadtime effects can now be confirmed to be at most a few percent. 

These results were not available prior to actual deployment; they confirm our 
expectatations for operating conditions (except for the leak!!). 

Now that three full strings (@24 OMs each, with String Controllers) are on 
hand, it is hoped that resumption of Phase I Deployment of DUMAND II can take 
place in early 1995, when ship availability (and funding) are hoped to be available. 
Planning for this future is contained in a separate document, "Supplementary Proposal 
to Complete Construction of a Deep-Ocean Laboratory for the study of High Energy 
Neutrino Astrophysics and Particle Physics". 
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Theoretical Program 
This summary was prepared by S. Pakvasa (Principal Investigator until 

Aug. 1994) and reviewed by X. Tata. During this period there were 143 
publications in refereed journals, 42 conference reports and 13 unpublished 
reports. These are all listed and described in detail in PR's and RPR's . 
Below we summarise. 

Research in Neutr ino Physics 

The properties of neutrinos such as their masses, mixings, magnetic mo
ments etc. are extremely important in two ways. They are fundamental 
parameters, and furthermore, they will teach us about what may be beyond 
the the Standard Model (SM). Apart from direct laboratory measurements 
of masses etc. from beta decay end point measurements, the other technique 
for getting information on neutrino properties is the study of neutrino prop
agation and flavor conversion over long distances via neutrino mixing and 
oscillations. 

For a long time it has been the aim of the Hawaii Theory group to devise 
means to deduce neutrinos properties from various neutrino experiments, to 
propose new experiments and to speculate on and build models for neutrino 
masses and mixings. 

Supernova Neutr inos: 

In February 1987, the neutrinos from the Supernova SN1987A were de
tected in the Kamiokande and the 1MB detectors. The Hawaii theory group 
was fortunate in having strong ties to both groups of experimentalists and 
hence gaining early access to data. Within a matter of a few days, Pakvasa in 
collaboration with the local 1MB colleagues J. G. Learned, S. T. Dye and D. 
O'Connor, H. Sugawara (KEK) and R.S. Raghavan (A. T. and T. Bell Lab) 
had carried out a "back of the envelope" analysis in terms of constraints on 

(i) mass of ue (< 20 eV), 
(ii) lifetime of ve (mass eigenstate) > 5.10 1 2 sec, 
(iii) possible mixing of ve, 
(iv) coupling to RH u's etc. as well as the simple analysis of energy 

output, etc., from the supernova. 
Doubtless similar analyses were carried out by many groups around the 

world. In the standard picture of a supernova, there is an initial burst of 
v'es from the neutronization p + e~ —> n -f ue in which about 1 to 3% of 
the energy is emitted in a very short time (a few milliseconds). This is 
followed by the thermal neutrinos which carry about 97-99% of the energy 
and contain equal number of i/'s and P's. This emission is expected to last 
a few seconds. In water-Cerenkov detectors where the detection of v'es is via 
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ve + p —» n + e + and of i / s is via fe + e —• i/e + e with a cross-section ratio 
<T{vep)l<r(vee) of about E„jMeV. ~ 10 for the neutrinos from SN1987A. The 
ratio of target electrons to protons in water is 5 to 1. The upshot is that for 
neutrino energies near 10 MeV one expects for a total of 20 vep events (the 
combined events in the two detectors) about 2 uee events from the thermal 
phase and about 0.5 early ve event from the neutronization burst. For a 
supernova made of antimatter the only difference would be that the "anti-
neutronization" burst would be of u'es and would give 2-3 early uep events. 
Now, the detailed statistical analysis of two groups (Bahcall et al., Kolb et 
al) suggest that there are indeed vee events in the data. In particular, the 
first Kamiokande event is forward peaked suggesting a uee origin rather than 
uep and this interpretation has been often adopted. If this event is indeed 
uee scattering and can be identified with the burst, then one can claim that 
the collapsing star in SN1987A was made of matter and not anti-matter. For 
more definite future tests we need large volume detectors sensitive to ue by 
ue nucleus scattering rather than vee (such as ICARUS) and a Supernova in 
a nearby Galaxy. This discussion was given by Pakvasa, A. Barnes and T. 
Weiler (Vanderbilt) Ap. J. L31, 323 (1987). 

If indeed there is at least one uee event in the SN1987A data, it is possible 
to test the equivalence principle between u'es and v'es. Based on the fact that 
the arrival time difference between the (candidate) ue event and nearby ve 

events is of order 1 sec whereas the gravitational time delay due to our galaxy 
is about 6.10 6sec, hence the Einstein equivalence principle is confirmed for 
u'es and u'es to one part in a million. This was pointed out by Pakvasa, 
Simmons and Weiler, (Phys. Rev. D39, 1761 (1988)). They also derived a 
number of strong bounds on long range forces felt by neutrinos. 

It was pointed out by Acker, Pakvasa and Raghavan (Phys. Lett. B238 , 
117 (1990)) that in future detectors with capability for neutral current de
tection and large volumes, it would be possible to measure or place limits on 
v^vr masses. For a prototype kiloton detector, they showed that for stable 
v^/i/r, masses in the range 200 eV to 30 KeV are detectable before the signal 
is overwhelmed by the (solar uel) background, lii/^/vr is unstable and decays 
into i>'es, there is a delayed enhanced vep signal; e.g. for mUll ~ 200 KeV, 
there would be as many as 50 delayed vep events. 

Solar Neutr inos 

During 1987 Pakvasa and Raghavan proposed a new Solar Neutrino De
tector "Borex" with neutral current capability and which can hence provide 
a real test to distinguish neutrino properties from astrophysical uncertainties 
(Phys. Rev. D37 , 849 (1988)). It was shown that a "modest" kiloton detec
tor containing 100T Boron-11 can in one year of running, distinguish between 
almost all the scenarios for explaining the solar neutrino conundrum: flavor 
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oscillations (either vacuum or MSW), decay, magnetic moment, astrophysical 
uncertainties etc. Eventually a collaboration consisting of additional mem
bers from Drexel, MIT and Milano was formed and evolved into the proposal 
for a smaller detector "Borexino". Although with this smaller size the neu
tral current rates are too small, the threshold can be lowered to 250 keV 
enabling the 0.86 MeV line v'es from 7 B e to be seen via i/ee —> vee at a rate 
of about 50 events per day. In 1992 a group from Princeton (F. Calaprice et 
al) joined the collaboration and a proposal for support of the U.S. effort has 
been submitted to the NSF which was eventually approved. Currently the 
counting Test Facility (CTF) which is a mini-Borexino of about 8T capacity 
is under construction and scheduled for completion in spring 95. 

In 1989, the first significant solar neutrino data from Kamiokande were 
published, and many new analyses of the combined Davis and Kamiokande 
data appeared. Most of the analyses were in terms of the allowed regions in 
the sin226 — 8m2 plot for the explanation in terms of MSW effect for which 
the 8m2 lies in the range 1 0 - 4 to 1 0 - 7 e V 2 . Pakvasa, in collaboration with 
Acker and J. Pantaleone (then visiting Hawaii) pointed out in the Singapore 
"Rochester" Conference (July 1990) (and in Phys. Rev. D 4 3 , 1754 (1991)) 
that there are other viable and testable solutions which were equally valid. 
They considered three possible scenarios. 

2. Vacuum oscillation of two neutrino flavors. 
This region of neutrino parameters generally corresponds to large "sea

sonal" time variations in the solar-neutrino flux measurements which come 
from oscillation variations correlated with the annual distance variation. 

3. Neutrino decay. 
With the prospect of the monochromatic line u'es from 7 B e being de

tectable in a real time detector (Borexino), it was realized by Pakvasa and 
Pantaleone that many properties of neutrinos can be uniquely tested (Phys. 
Rev. Lett. 65 , 2479 (1990)). The phase-shift due to thermal broadening 
and Doppler broadening is of the order of 1 0 - 3 and can be taken into ac
count. Source size effects are also rather small. Although there are large 
matter effects, the non-adiabaticity effectively wipes them out. It was found 
that large seasonal variations (due to the eccentricity of earth's orbit) can 
be seen for 8m2 in the range 1 0 - 8 to 1 0 ~ n e V 2 and mixing (sin226) > 0.1. 
Below 1 0 - n e F 2 the oscillation length is too large and above 1 0 _ 8 e F 2 the 
width smears out the oscillations. In Borexino it is possible to get a factor 
of two change in counting rate over periods of a few weeks to a few months. 
Magnetic moment of ue in the range (~ 0(10~w(iB)) to be relevant for solar 
neutrinos would give strong deviation of the electron energy-spectrum and 
be easily detectable. 

Acker and Pakvasa collaborated with A. Joshipura to propose a model 
for the neutrino decay solution of the solar neutrino problem discussed 
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above (Phys. Lett. B285 , 371 (1992)). The model included a Gelmini-
Roncadelli type triplet which is mixed with a singlet scalar to avoid conflict 
with LEP results on Z decay. The neutrinos are Majorana particles with 
5m\2 ~ 10~ 2 eV2 sin22012 ~ 0.6 and r2(10MeV) ~ 500s with the decay 
mode v-i —> V\ -f M. The ee element in the neutrino mass matrix element 
vanishes; thus there is no 0v—/3f3 decay in the model, nor is there any 0v—j3/3 
decay with Majoron emission. The two noteworthy features are: (i) a sig
nificant solar ue signal possibly detectable in Borexino (20 tagged events/yr 
compared to 2-3 BG) and (ii) simultaneous explanation of the atmospheric 
velvn anomaly (see below). 

Tuan reviewed the MSW solution to the solar neutrino problem and 
stressed that the 8m2 range required is consistent with the values preferred 
in Weinberg's ansatz relating neutrino masses to Higgs mass provided Higgs 
is elementary and in the (few) hundred GeV mass range (Comm. Nucl. Part. 
Phys. 19, 41 (1989)). Tuan also commented on the importance and the dif
ficulty of a Laboratory measurement of neutrino magnetic moment smaller 
than 1 0 _ 1 V B (Part . World 1, 134 (1990)). Tuan presented the arguments 
both theoretical and experimental in favor of the simple group SO(10) as 
the first approximation towards grand unification. The physical phenom
ena of the solar neutrino problem which motivate the existence of neutrino 
masses, the recent LEP data which rule out the simple SU(5) (and perhaps 
supersymmetric SU(5) if tied also to the solar neutrino problem) for which 
vanishing neutrino masses would be logical, coupled with attractive features 
like accommodating the invisible axion and and r neutrino mass acceptable 
to cosmology, converge towards a two-step SO(10) model with intermedi
ate mass scale of order 10 1 1 . The status of a second Z' in a model of the 
spontaneous breakdown of SO(10) is discussed (Mod. Phys. Lett. A7 , 641 
(1992)) 

Atmospheric Neutr inos 

Neutrinos are produced by cosmic rays interacting in the atmosphere. 
At low energies E < few GeV) where all the muons decay we are led to expect 
N{u!j)lN{ue) of 2 (ignoring the distinction between v and u). This ratio, 
furthermore, is expected to be essentially independent of the zenith angle 
at low energies. Neutrinos of energies below 2 GeV give rise to "contained" 
events in typical kiloton underground detectors. The results from the two 
large water-Cerenkov detectors suggest that the ratio R — A r(i/ / i)/A r(i/ e) is 
smaller than expected by almost a factor of two. Kamiokande finds for the 
ratio of ratios. 

Robs/RMc = 0.60 ± 0.07 ± 0.05 
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while 1MB finds 
Robs/RMC = 0.54 ± 0.05 ± 0.12 

The result of FREJUS (for contained events) and NUSEX is respectively 
0.87 ± 0.16 ± 0.08 and 0 . 9 9 i ^ ± ? Finally, very recently SOUDAN II has 
found a result of 0.46 ± 0.23 based on a 0.5-fiT-ton-year exposure. 

The ratio iV r(i/ / J)/iV(i/e) is considered more reliably calculated than the 
individual fluxes: the ratio is stable to about 5% amongst different calcula
tions whereas the absolute fluxes vary by as much as 20 to 30%. The fi/e 
identification in the water Cerenkov detectors is expected be quite reliable; 
in any case future calibration tests planned at KEK should settle this issue. 
Nuclear physics uncertainties in the cross-sections or y-distributions are un
likely to be relevant provided the kinematic region near muon threshold is 
avoided. Finally, in all the new calculations the /j-polarization is taken into 
account. 

The deviation of ROBS/RMC from 1 is fairly uniform over zenith angle and 
is most pronounced in the charged lepton energy range 200-700 MeV which 
corresponds to neutrino energies from 300 MeV to 1.2 GeV. If we are to 
interpret this deficit of v1 s (and/or excess of v'es) as being due to neutrino 
oscillations, the relevant parameters are determined rather easily. The typical 
height of production, h, is about 15-20 km above ground and allowing for 
angular smearing due to the scattering and finite angular resolution one finds 
that neutrino path lengths can vary between 30km to 6500 km, and hence 
LjE can vary between 25 km/GeV and 20,000 km/GeV. Since the data do 
not show any L (i.e. 9) or E dependence we may infer that the oscillations 
have already set in at E„ ~ 1 GeV and L ~ 30fcra and hence 6m2 cannot be 
much smaller than 3.10~ 2eV 2 . As for the mixing angle 9, if P denotes the 
average oscillation probability i.e. P — sin 2 29 < sin 2 8m2Lj^E > ~ \ sin 2 29; 
then R = 1 — P in case of v^ — uT oscillations and for v^ — ve oscillations 

l - ( l - r ) P 
l + ( l / r - l ) P 

where r = iV"(i/e)/7V(i/{J) in absence of oscillations and most flux calculations 
yield r ~ 0.45. Since R is nearly 0.6, large mixing angles of order 30° to 
45° are called for, v^ — ve mixing needing somewhat smaller ones. This 
interpretation was suggested by Learned, Pakvasa, Weiler and Acker (Phys. 
Lett. B207 , 79 (1988); B298 , 149 (1993)). 
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Other Neutr ino Topics 

Although the recent results from the Argonne and Tokyo experiments have 
firmly established the non-existence of a 17 keV neutrino with 1% mixing 
with i/e, there was a period of two years (1990-92) during which theorists 
were busily accommodating such a beast. In Hawaii there were two simple 
proposals. One was a suggestion by Acker, Pakvasa and Pantaleone, (Phys. 
Rev. D 45 , 1 (1992)) that would solve solar atmospheric and 17 keV neutrino 
problem simultaneously. The model was simply to have Dirac u's couple to 
a scalar field carrying lepton number -2. Then all u's but the lightest decay. 
The solar u problem and the atmospheric v problem are solved by having 
Srn^ ~ 10~ 2 eV 2 and the mixing s in 2 2# 2 i large; the uT is identified as the 17 
keV v with | Ure | 2 ~ 0.01. 

The other proposal for the 17 keV was more radical and interesting. The 
proposal was that (a) there is no mixing between ve and the 17 keV u and 
(b) 1% simply reflects the slower rate for the emission of the 17 keV u by 
a new process (A. Masiero, S. Pakvasa, E. Roulet and X. Tata, Phys. Lett. 
B281, 351 (1992)). A model for the new process via leptoquark exchange 
was proposed; the basic idea could be easily tested by an improvement in 
measurement of TV —> e-/ir —* fj,. 

For mixings of ve and v^ with heavier states, strong limits exist for masses 
up to 45 GeV from the study of Z decay at LEP. For masses near 40 GeV the 
limits are quite stringent j UNI | 2 < 10~ 1 3 . For masses greater than 45 GeV, 
stringent limits on | U^eUv^ | 2 can be derived from the non-observation of 
fi —» e7 (as well as pbN —> eN). It was shown by Acker and Pakvasa (Mod. 
Phys. Lett. A7, 1219 (1992)) that | UNeU^ | 2 < 10~ 6 for mN > lOOGeV; 
from this one can constrain Ki —> fie to have a B.R. of no more than 2.10" 1 5 

in SM. 
For several years there was the persistent evidence that the r—lifetime 

deviated from the SM expectations and was slightly longer. A simple expla
nation of this lengthening (based on an old idea due to Pakvasa and Sugawara 
(Phys. Rev. Lett. 38 , 937 (1977)) is that vT mixes with a heavy neutrino 
(myv > T^IT) by a small amount e. Then the r lifetime is lengthened by 
(1 — e 2 ) - 1 , a value of e ~ 9C was implied by the discrepancy. Ma, Li and 
Tuan (Phys. Rev. Lett. 60, 495 (1988)), have incorporated generation non-
universality into the paradigm of gauge theories. Within their framework, 
they were able to explain the lengthening of the lifetime of the r . Pakvasa, 
Tuan and Ma (Part. World 3, 27 (1992)) pointed out that if in the dou
blet (L,N) one is heavy with a mass of a few hundred GeV and one is light 
(m < mz) then there would be a few (10-30) events in LEP data and one 
could look for characteristic signatures. 
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Searching for Supersymmetry . 

Supersymmetry is a novel symmetry between bosons and fermions. It fur
nishes the only known mechanism for the consistent introduction of light ele
mentary spin zero fields (such as the Higgs fields responsible for electroweak 
symmetry breaking) interacting with a sector of superheavy fields (which may 
be present in models of grand unification), without resorting to an incredible 
amount of fine-tuning. The "SUSY resolution" of the fine-tuning problem 
works provided that supersymmetric particles are lighter than 0(1 TeV). It 
is also worth remarking that recent precision measurements of gauge cou
pling constants at LEP are remarkably consistent with predictions from the 
simplest supersymmetric grand unified theories, but not with those of their 
non-supersymmetric counterparts. 

Tevatron Search Strategies: If the SUSY mass scale is indeed smaller 
than 0 ( 1 TeV), sparticles particularly, squarks and gluinos, are expected to 
be copiously produced at the hadron colliders. In models with a conserved 
R-parity, these sparticles will rapidly decay into ordinary particles and the 
lightest supersymmetric particle (LSP) which is stable and escapes detection 
in the experimental apparatus, leading to the classic missing transverse mo
mentum (yBr) signature for supersymmetry. Over the years, it has become 
clear that if sparticles are heavy, they will not directly decay to the LSP 
all the time; instead, these decay into all charginos and neutralinos that are 
kinematically accessible. These further decay until the cascade terminates in 
a stable LSP. 

These cascade decays have primarily two effects. First, the momentum 
of the LSP produced via the cascade decays is considerably degraded. This 
leads to a softening of the pj spectrum, and hence a reduction of the cross 
section for ]BT events which provide the classic signature of supersymmetry. 
Tata, in collaboration with Baer and J. Woodside (then at Oklahoma State 
University) studied (Phys. Rev. Lett. 63 , 352 (1988)) the impact of these 
decays on the first bounds obtained by the CDF experiment, and showed 
the gluino bound could be diminished by as much as 30 GeV from the CDF 
value while the squark bound could even disappear, depending on the LSP 
mass. They updated their results (Phys. Rev. D 4 4 , 207 (1991)) when 
the CDF published results from an analysis of a much larger data sample. 
A subsequent analysis by the CDF Collaboration have indeed incorporated 
these cascade decays, with qualitatively similar results. 

Cascade decays of gluinos and squarks lead to many novel signatures for 
SUSY, both at the Tevatron and at hadron supercolliders. Tata, in collabora
tion with Baer and Woodside, has been studying the prospects of identifying 
supersymmetry at the Tevatron via these signals which include, like sign 
isolated dilepton events and isolated multilepton events + JST events (Phys. 
Rev. D 4 1 , 906, (1990)), and events with one or more high p r Z bosons -f JET 
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+ multijet events (Phys. Rev. D 4 2 , 1450 (1990). Identification of a signal 
in several of these channels is essential if any excess of JE? events are to be 
attributed to supersymmetry. 

In models with local supersymmetry, there are good reasons to believe 
that there is a common sfermion mass at an ultrahigh unification scale. This 
leads to an approximate degeneracy between all squarks provided that their 
Yukawa interactions are negligible. For this reason, most SUSY analyses 
assume that squarks are degenerate. The CDF lower limit on the mass of 
the top quark, however, implies that the Yukawa interactions of the t-squark 
are significant. As a result, the mass of the lighter of the two t-squarks 
(Ji) can be significantly smaller than that of all other squarks, and further, 
that the physical top squarks are mixtures of ti and in. This led Baer, M. 
Drees (then at DESY), R. Godbole (Bombay University), J. Gunion (U.C. 
Davis) and Tata, who were all attending the II Workshop on High Energy 
Physics Phenomenology, Calcutta, India, to examine the decay patterns and 
experimental bounds on the lighter t-squark. They found that a t-squark 
just above the LEP limit could well have escaped detection at the Tevatron. 
Furthermore, they showed that if t\ was indeed light, the top quark could 
dominantly decay via t —> fiZi, thereby invalidating the Tevatron bound on 
the mass of the top quark. In their paper (Phys Rev. D44, 725 (1991)), they 
concluded that a top quark as light as 60 GeV could have evaded detection 
in the CDF experiment. 

Motivated by the observation that in models with a common scalar mass 
at the unification scale, squarks are often significantly heavier than sleptons 
if gluinos and squarks have comparable masses, Baer and Tata reexamined 
the decay patterns of neutralinos. They found that leptonic decays of neu-
tralinos can be considerably enhanced from the expectation when squarks 
and sleptons are degenerate. This, in turn, led them to extend their earlier 
work on the production of gauginos via W and Z boson decays to include 
off-shell production. They found (Phys. Rev. D47, 2739 (1993)) that the 
reaction, W* —* W1Z2 can lead to observable rates for hadronically quiet, 
isolated trilepton events at the Tevatron so that with an accumulation of 100 
•pb~x of integrated luminosity, the CDF and DO experiments may be able to 
probe regions of MSSM parameter space inaccessible at LEP. 

Minimal Supersymmetry at e+e~ Colliders: The precision measurement 
of the properties of the width of the Z boson at LEP strongly constrains 
new particles that couple to the Z boson. Baer, Drees and Tata (Phys. Rev. 
D 4 1 , 3414 (1990)) were among the first groups that used these data to obtain 
constraints on the masses of the various sparticles. Unlike those from direct 
searches, their constraints are independent of the assumptions of how these 
sparticles decay. In a subsequent paper (Phys. Rev. D 4 3 , 2971 (1991)), 
Drees and Tata carefully examined the sensitivity of these mass limits on 
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the MSSM assumptions. They found (assuming that R-parity is conserved) 
that while the neutralino limits could be evaded by minor alterations of the 
model, the limits on sleptons and the charginos could be significantly reduced 
only by the ad hoc introduction of additional multiplets into the theory. 

Supersymmetry at Supercolliders: Baer, Tata and Woodside (Phys. Rev. 
D 4 2 , 1568 (1990)) reanalysed the decay patterns of the gluino incorporating 
the effects of the top quark Yukawa interactions as well as the loop decay 
g —> gZi into their computation. They found that the branching fractions for 
the two body loop decays could be as large as 40-50% depending on model 
parameters. For heavy gluinos and top quarks, they found that the Yukawa 
coupling can significantly enhance the decay g —> tiZi, which, in turn, can 
lead to an enhancement of the multilepton signal (discussed below) from 
heavy gluino production at the SSC or the LHC. 

In order to make a realistic examination of the isolated multilepton signal 
from supersymmetric sources, Baer, Tata and Woodside (Phys. Rev. D45 , 
142 (1992)) developed a new event generator (SUSYSM) for the simulation 
of supersymmetry at hadron colliders. For each set of model parameters, 
SUSYSM generates gg, gq and qq events keeping track of squark type and 
flavour. SUSYSM interfaces with a set of decay subroutines (SUSYBF) that 
generate the cascade decays of all the sparticles as given by the MSSM. The 
event is then interfaced with the JETSET routines of Sjostrand to incorporate 
final state string hadronization, and also, decay and fragmentation of heavy 
flavours. The main purpose of such a detailed computation is to better 
simulate the lepton isolation in the environment of the SSC. SUSYSM was 
used to compute the rates for JS? events, same-sign dilepton events, ni = 2,3,4 
and 5 isolated lepton events, and finally, single or double Z + J5? events from 
squark and gluino production at the SSC and at the LHC for cuts inspired 
by the Solenoidal Detector Collaboration. Several SM backgrounds to these 
event topologies were identified and estimated. It was shown that it should 
be possible to identify a signal in several channels at the LHC. It was found 
that after one year of operation of the LHC the search was shown to be 
1.2-1.7 TeV, depending on the luminosity attained. 

Higgs Boson Searches. 

All supersymmetric models necessarily contain at least two Higgs doublets 
so that the spectrum of physical Higgs particles is richer than in the SM. 
Even within the MSSM framework, there are five physical spin zero bosons 
associated with the Higgs sector: these are the light and heavy neutral scalars 
Hi and 27/,, a pseudoscalar, Hp (the terms scalar and pseudoscalar refer to 
their couplings to matter fermions) and a pair of charged scalars H±. The 
MSSM Higgs sector is fixed by specifying just one other parameter which 
may be chosen to be m # p . The tree level mass relation, m# ( < Mz had led 
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several authors to believe that at least Hi should necessarily be discoverable 
at LEP 200. As is well known by now, radiative corrections from t-quark 
Yukawa interactions vitiate this argument, so that the discovery of the lighter 
MSSM Higgs scalar at LEP 200 is no longer guaranteed. 

These considerations led Tata, in collaboration with Baer, M. Bisset and 
C. Kao (Phys. Rev. D46 , 1067 (1992)) to assess the detectability of MSSM 
Higgs bosons at the hadron supercolliders via their 77 decays. They found 
that over a large part of parameter space, at least one of the Higgs bosons 
could be detected via this mode within a few years of SSC operation, provided 
that the detector had sufficient resolution to identify a SM intermediate mass 
Higgs boson. They arrived at similar conclusions for an LHC operating at 
about four times the SSC luminosity. These authors stressed, however, that 
despite their optimistic assumptions about the capabilities of the detector, 
there were significant regions of parameter space where none of the Higgs 
bosons were detectable via their 77 decays. This has also been confirmed by 
other groups, and has led to the consideration of other strategies to detect 
Higgs boson signals. 

The pseudoscalar Higgs boson is detectable via its 77 decay only when the 
parameter tan j3 is rather close to unity. The observation that the branching 
ratio for the decay, Hp —> H[Z is large (provided, of course, that the decay 
is kinematically allowed) led Baer, Kao and Tata (Phys. Lett. B303 , 284 
(1993)) to consider the possibility of simultaneous detection of Hi and Hp 
via the final state where Z —* l+l~ and Hi - > T T , and the r is identified by 
its one prong hadronic decay mode. They found that this signal potentially 
expands the region of the parameter space where Hp might be detectable at 
the SSC. 

The production of the Higgs bosons of the MSSM at the SSC via the 
cascade decays of squarks and gluinos was first studied by Baer, Bisset, Tata 
and Woodside (Phys. Rev. D46, 303 (1992)). They showed that if mH+ < 
150 GeV, the branching ratio for heavy gluinos and squarks to cascade de
cay into one of the heavier Higgs bosons of the MSSM could be as high as 
50%. This led them to study the effect of these decays on the various sig
nals for squarks and gluinos at the SSC. They found that the fa, like sign 
dilepton and trilepton signals were relatively unchanged, so that their earlier 
conclusions about the detectability of SUSY in various channels continued 
to obtain. They then explored the possibility of identifying the Higgs bosons 
produced in SUSY events. They found that this could lead to a significant 
enhancement in the B-meson or (like sign) r-lepton content of the JST or like 
sign dilepton event sample, which is expected to be enriched in SUSY events. 
The feasibility of actually using this technique at an SSC experiment would 
strongly depend on the capabilities of the detector to identify B mesons and 
tau leptons. They also showed that there were small regions of parameter 
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space where Hi and Hh could be identified via their 77 decays. 
Bisset, D. Dicus, Kao and Tata (Phys. Rev. D 4 7 , 1062 (1993)) investi

gated the detectability of MSSM Higgs bosons at future colliders, assuming 
as usual that their SUSY decay modes are kinematically inaccessible. They 
found that even with their optimistic detector assumptions, there were re
gions of parameter space where none of the Higgs bosons could be detected 
either at LEP 200 or, via their 77 or 41 decay modes, at the SSC. They then 
showed that there are substantial ranges of parameters where SUSY decays 
of the Higgs bosons are dominant. These decays reduce the rates for con
ventional Higgs signals, making their detection via these modes even more 
difficult. They pointed out, however, that SUSY decays open up a number 
of new channels for Higgs detection, the most promising of which is the Al + 
fix mode from the decay of the Higgs into a Z2 pair. 

Within the framework of the SM, K. Kallianpur (Phys. Lett. B 2 1 , 392 
(1988)) has investigated pair production of Higgs bosons at hadron supercol
liders including contributions from vector boson and top-quark fusion. The 
purpose of this investigation was to study the measurability of the triple 
Higgs vertex. It was shown, however, that the cross-sections are probably 
too small for this measurement to be viable. 

S imula t ion of Supe r - symmet ry 

During the course of the last year Baer and Tata, in collaboration with 
F. Paige and S. Protopopescu, the authors of ISAJET, have been working 
on the incorporation of supersymmetry into the ISAJET simulation of high 
energy hadron collisions. They have constructed a program, ISASUSY 1.0, 
(now a subroutine of ISAJET 7.0) which, for any input set of MSSM param
eters, computes the branching ratios for the decays of various sparticles. In 
the computation of chargino and neutralino decay patterns, splitting between 
slepton and squark masses which, as we have seen, can significantly enhance 
their leptonic decays has also been incorporated. ISASUSY interfaces with 
ISAJET where sparticle pair production is calculated. The supersymmetric 
processes already included in ISAJET are, production of gluinos and squarks, 
the production of a squark or gluino in association with a chargino or neu
tralino and, finally, the production of chargino pairs and associated chargino-
neutralino production. The event output is in the standard ISAJET format. 
ISAJET 7.0 has just been released; a paper describing the incorporation of 
supersymmetry into it is in preparation. ISAJET 7.0 will provide experimen
talists at the Tevatron and at supercolliders with a new and powerful tool 
for performing analyses of supersymmetry. 

Signals of R - p a r i t y Vio la t ion 
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Most phenornenological analyses of supersymmetry (including those de
scribed in part 3.1, above) are done within the framework of the MSSM, 
and so, implicitly assume the conservation of R-parity. It has, however, been 
pointed out that it is possible to construct perfectly reasonable models in 
which R-parity is not conserved. In this case, the LSP is unstable and can 
decay within the experimental apparatus, so that the production of sparticles 
does not lead to fix events as is usually assumed. This led Tata, in collab
oration with Godbole and P. Roy (T.I.F.R, Bombay) to investigate (Hawaii 
preprint, UH-511-751-92, Nucl. Phys. B , in press) the implications of R-
parity violation for experiments at LEP 200. They focussed their attention 
on models of R-parity breaking by r-number violating interactions and con
sidered signals from the production of LSP pairs for the cases when the LSP 
is a neutralino, a chargino, a charged slepton, a sneutrino, or, a t-squark. For 
the case of a neutralino LSP, quantitative estimates of the signal were pro
vided. Rival new physics mechanisms that could mimic R-parity violation 
were also studied, and shown to be distinguishable (at least, in principle) 
from R-violating physics. While the r-number violating signal is very sensi
tive to the detection efficiency of the r , it was argued that signals for e o r / i 
violation should be much easier to detect. 

L e p t o q u a r k s , S t a b l e H e a v y Par t ic les and o t h e r Exo t i c a 

Leptoquarks, which are colour triplet particles carrying lepton number, 
occur in a variety of extensions of the SM. They can be fermions or bosons. 
S. Pakvasa, in collaboration with J. L. Hewett has investigated the possibility 
of detecting scalar leptoquarks (which, if they do not couple to diquarks, can 
have rather low mass), both at hadron colliders (Phys. Rev. D37 , 3165 
(1988)) and at TeV e+e" colliders (Phys. Lett. B227, 178 (1989)) that 
may be constructed in the future. They found that the Fermilab Tevatron 
could, via the model-independent pair production process, probe leptoquark 
masses up to about 120 GeV, while the SSC would be sensitive to masses 
of up to about 1.7 TeV. Both, the UA2 experiment at the CERN Collider 
and the CDF experiment at the Tevatron have used these results to analyze 
their data, and placed bounds on leptoquark masses of 67 GeV and 116 GeV, 
respectively. Leptoquarks can also be produced singly, but the rates are then 
sensitive to a model dependent Yukawa type coupling. At linear colliders, 
they have shown that the single production mechanism can be significant even 
if the corresponding fine structure constant is an order of magnitude smaller 
than the aern; in this case, the reach of the collider would be approximately 
doubled. 

Motivated by the fact that many models contain stable (or long-lived) 
charged exotic particles, Drees and Tata (Phys. Lett. B 2 5 2 , 695 (1990)) 
have studied the detectability of such particles using either general purpose 
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detectors at the SSC and at the Tevatron, or special purpose spectrometers 
at the SSC. The most important signatures for these long-lived exotics are 
their large penetration and low velocities. They showed that the CDF collab
oration, from an analysis of their accumulated data sample, should already 
be able to derive significant constraints on colour triplet fermions and bosons 
(The CDF collaboration has since published lower limits on the masses of 
such particles). They further showed that both the SSC and a high luminos
ity LHC should be able to detect charged exotics with masses up to about 
300 GeV. 

C P N o n Conservation 

In the standard model, the observed CP violation in KL is supposed to arise 
from the single phase in the Kobayashi-Maskawa matrix. It is obviously of 
fundamental significance to test whether (i) this is true, (ii) are there any 
other sources of CP non-conservation, (iii) if this source of CP violation 
plays any role in the cosmological baryon asymmetry. The mechanism for 
CP violation can be and has to be tested in many places e.g. (i) neutron 
electric dipole moment, (ii) e'/e in K^ decay, (iii) hyperon decays, (iv) CP 
violating lepton-nucleon interactions etc. 

Neutron Electron Dipole Moment: 

The main interest in the neutron electron dipole moment dn derives from 
the fact that it is a P violating, T violating observable and in the Standard 
Model it is expected to be of the order < 1 0 - 3 0 earn. In other models of CP 
violation it can be much larger; as large as 10~ 2 5ecm. The current limits from 
the Grenoble and the Leningrad experiments are of the order of 1 0 - 2 5 e c m . 
In order to rule out or confirm theories of CP violation, it was decided by 
Pakvasa to undertake a new careful estimate in collaboration with Drs. X-G. 
He and B.H.J. McKellar. They first performed a new calculation of nedm 
in SM with a new technique (resurrected) including the meson-baryon inter
mediate states which should be dominant in the chiral SU(S) x SU(3) limit. 
With the knowledge of K-M elements available they found that dn should He 
in the range of 1 0 - 3 1 ecm - 10 _ 3 2 ecm. (B.H.J. McKellar et al. Phys. Lett. 
B197, 556 (1987)). Subsequently they enlarged their study to include cal
culations of dn by a variety of techniques and application to a number of 
non-standard CP violating models. They found their SM results modified 
to the range 10~ 3 1 — 1 0 - 3 3 e c m with the low value preferred for large mt. In 
the Weinberg Higgs model (with 3 Higgs doublets) the value is much larger 
~ 10~ 2 5 ecm on the verge of being ruled out (subsequently a new class of CP 
violating operators in these models was discovered by Weinberg; however its 
contributions turned out to be rather small). In Minimal Supersymmetry 
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there are many new unknown parameters (squark mass spectrum, mixing 
angles); with some simplifying assumptions it can be shown that the SUSY 
contribution to dn is of the order of 10~22<j) ecm where <f> is the new CPV 
phase in SUSY. Hence the only statement that can be made is that <f> < 1 0 - 3 . 
In Left-Right Symmetric Models dn can be as large as 2 .10 - 2 6 ecm; in some 
classes of models dn can be related to e'/e: dn ~ 2.10~ 2 4 | e'/e I- (Phys. Rev. 
Lett. 6 1 , 1267 (1988); Int. J. Mod. Phys. A4, 5011 (1989)). In multi-Higgs 
models of CP violation, the strange quark can make a contribution to nedm 
which is larger that the one from down/up quark by a factor majmq and this 
could be the most dominant part of nedm (Phys. Lett. B254 , 231 (1991)). 

Another CP violating observable, the atomic electric dipole moment (d^) 
has been scrutinized closely recently. New strong bounds have become avail
able. In general, d& receives contributions from the edm of the nucleus dn, 
the electron edm de as well as the CP violating nucleon-nucleon and electron-
nucleon interactions. In a study of multi-Higgs models and lepto-quark ex
change model it was found that in the former the contribution to dA from 
S — P couplings is comparable to the one from de and in the latter, tensor 
couplings dominate. (Phys. Lett. B283, 348 (1992)). 

H e a v y Quark Physics 

The issues in heavy quark physics of interest to the group are: (i) what 
are the values of Kobayashi-Maskawa parameters and how are they best 
determined, (ii) to predict the decay rates and asymmetries of charmed and 
beauty baryons for which much new data will be forthcoming soon, (iii) 
careful estimates of long distance effects in decays such as B —> 7 + K* 
to enable extraction of the short-distance contribution (e.g. the "Penguin 
diagram") from the data, (iv) the use of the charm system as a probe of new 
physics. 

The decay mode B —> K* + 7 and the inclusive mode B —> 7 + x receive 
large contribution from the Penguin graph in the SM. It has been suggested 
as a diagnostic for the mass of the t-quark as well as for non SM contri
butions. It was pointed out by Golowich and Pakvasa that long-distance 
contributions are non-negligible and must be taken into account before any 
strong conclusions can be drawn. They estimated the long distance contri
butions and showed that they can be a significant fraction of the "Penguin" 
in the rate. (Phys. Lett. B205, 393 (1988)). 

In contrast to the B system, in the D system, all such effects due to 
heavy intermediate quarks are suppressed in SM due to the efficacy of the 
GIM mechanism. For example mixing is expected to be very small, and rates 
for rare decay modes such as D —*• fry, D —> 7re+e~", D° —* fj,+fi~etc. are all 
extremely small. This means that while the B system is an excellent place 
to confirm the SM, the D system is a better window on new physics. With 
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this in mind the collaboration of K. Babu, X-G. He, X-Q. Li and Pakvasa 
studied the D° — D° mixing and rare D decays in SM and considered the 
effects of a fourth family of heavy quarks (Phys. Lett. B205 , 540 (1988)). 
They found that D° D° mixing can be as large as 0.5% and the branching 
ration for D° —»• Z+Z~X, D —* pj can be as large as 1 0 ~ 9 , 1 0 - 6 to be compared 
to SM values of l O " 1 0 , 1 0 ~ 1 9 and lO" 8 . 

In the near future, an enormous amount of data on charmed baryon 
(as well as b-baryons) is expected to be forthcoming form Fermilab Teva-
tron and other places. It would be obviously useful to have some idea 
of the expected rates, asymmetries etc. Acker, Pakvasa, Tuan and S.P. 
Rosen began a detailed study of two body Cabibbo-favored decays of A+ 
including decays into vector mesons. The complete kinematics including the 
new asymmetry parameters which arise here was given. Detailed dynamical 
models for estimating the branching ratios and asymmetries for the modes 
A+ —> A p + , A7r+, pK°,were set up. For the similar decay of A& to A c + p~, 
it was shown using heavy quark symmetry limit and factorization that the 
ratios of rates T(A(, —> A c -f p~/r(A{, —• A c + 7r~) can be unambiguously 
predicted to be 0.6 and the asymmetry a in A& —»• A c + p~, to be -0.9. (Phys. 
Rev. D 4 2 , 3746 (1990); Phys. Rev. D43 , 3083 (1991)). 

There is overwhelming but indirect evidence that the top quark must 
exist, from phenomena related to b quark couplings in SM. This comes in 
the following ways: (i) the upper limit of 0 ( 1 0 - 3 ) on the B.R. for the flavor 
changing decays 6 —• p,+pT x , ( a test first suggested by Barger and Pakvasa 
(Phys. Lett. B 8 1 , 195 (1979))); (ii) the sign and magnitude of the forward 
backward asymmetry in e+e~ —• bb and (iii) the observed value of B° — B° 
mixing. These show that in the SU(2) x U(l) SM, b^ the left-handed fa-
quark transforms as an doublet. Hence there must be a t^ which is its 
partner. Since the top quark has not been found and the upper bound on its 
mass keeps on increasing (~ 100 GeV currently) it is a reasonable question to 
ask if a topless model can be constructed which would be consistent with all 
observations on b-quark couplings. As of 1990 there seemed to be only one 
such candidate for a viable topless model. This was a Left-Right Model due 
to Ma (Phys. Rev. Lett 57, 535 (1988), Phys. Rev. D35 , 851 (1987)). In 
a collaboration of Pakvasa with D.P. Roy and S. Uma Sankar, it was shown 
that the model is vulnerable to a direct measurement of Z° coupling to bb at 
LEP (Phys. Rev. D 4 2 , 3160 (1990)). Indeed, during the writing of the final 
draft of the paper results from LEP on measurement of Z° —> bb confirmed 
the SM and decisively ruled out this, the last of the topless Models! 

In collaboration with S.P. Rosen, Tuan and Pakvasa carried out a com
plete classification of 3-meson states under S3 ® SU{3). Eventually the 
results will be used to study final states in DjDs decays and the Dalitz 
Plot.(preliminary results were presented by Tuan at DalitzPest: The Dalitz 
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Plot, S3 and SU(3) Symmetries in "Plots, Quarks and Strange Particles." 
(World Scientific, Singapore, (1991) p. 184). 

Hadron Spectroscopy (including Heavy Quarkonia). 

Pakvasa, in collaboration with X-G. He, E. Paschos and Y. Wu) consid
ered the question of whether i(1460) is really a pseudoscalar glueball state. 
By allowing i to mix with 77', the mixing was restricted from the data on 
7T°, 77, n' —> 27 and the upper bound i —» 27. It was found that the contribu
tion of the glueball state G (from the weak transition KL —> G) to KL —> 27 
is significant. For large mixing angles, the decay of Df —> i (1460)x + can be 
close to 1% and a search for this mode would be desirable (Phys. Rev. Lett. 
64, 1003 (1990)). 

A speculative by S. Tuan and K.F.Liu to understand the observed nar
row U(3.l) with Ap + pions decays as the bound state of A, p and _X"0(1480). 
The X o(1480) is a mesonium with Q2Q2 structures observed in 77 reactions 
and pn annihilations. The model predictions are in reasonable accord with 
the available data, and search for the Ap7r -7r - mode could test this inter
pretation. Tuan suggested that recent tantalizing experimental support for 
an 77-baryon Jp = I unmixed octet challenges the conventional wisdom. 
Establishment of the 2(1868) member of the 77-baryon octet will give strong 
affirmation that negative parity baryon mass spectrum below say 2 GeV 
could be largely mixing free. Implications of the existence of such a baryon 
octet for the negative parity (70, 1~) baryon mass spectrum classification of 
the quark model are briefly discussed. 

Tuan, with Dalitz and Ferbel comment on the (lack) of consistency of the 
presented experimental evidence for a 1~ + M(1405) C-exotic meson [D. Aide 
et a/., Phys. Lett. 205B (1988) 397], and proposed experimental checks of 
M(1405) in other processes. Tuan (Mod. Phys. Lett. A6 , 789 (1991)) argues 
on the basis of dual models, supplemented by Schwimmer's analysis that all 
nice features of resonance-Regge pole duality requires the non-existence of 
C-exotic mesons, that indeed such states are likely to be absent in the energy 
domain < 1.6 GeV where duality has been successfully tested experimentally. 

(iii) on physics involving heavy quarkonia: Tuan, with Brodsky and Le-
poge (PRL 59, 621 (1987)) proposed a coherent explanation of the puzzle 
associated with J/ip(ijj') decays into vector plus pseudoscalar exclusive final 
states by assuming the general validity of the perturbative QCD hadron-
helicity theorem, but supplemented by violation of this theorem when J/ip 
decay to hadrons is mediated by an intermediate gluonium state O. The 
mass O must be within 100 MeV of the mass of the J/i>, and its total width 
must be less than 160 MeV. 

Tuan, He and Huang (Mod. Phys. Lett. A 3 , 1833 (1988) applied pertur
bative QCD calculation was carried out using the light cone wave function 
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approach and applied to the specific decay J/ip —> j l + + and a branching 
ratio ~ 6 x 1 0 - 6 is predicted for J/ip —> 7/ 1(1285) assuming ideal mixing 
with /i(1420). Radiative J/tp decays to 1 + + mesons observed with MARK III 
were reported by R. Mir (Indiana University) at LP-HEP '91. The branching 
ratio for J/-0 —> 7/i(1285) is [6.25 ± 0.63 ± 0.95] x lO" 4 ! Tuan and Lipkin 
(PRL 62) 2910 (1989)) worked out a dynamical model in which the decay 
proceeds via intermediate B, B* states nearly on the mass shell (as is ap
propriate since BB, BB*, thresholds are close to the mass value for T(35')) 
gives an unique interpretation of key features of the distribution data. 

(7) A third area of study in Heavy Quarkonia concerns Hadronic Tran
sitions and 1 Pi States of Heavy Quarkonia [with Yu-ping Kuang and Tung-
Mow Yan], Phys. Rev. D37 , 1210 (1988); Interesting Experiments of Heavy 
Quarkonia System, Phys. Rev. D42 , 3207 (1990); and The Strategic lP\ 
States of Heavy Quarkonia, Modern Phys. Lett. A (Brief Review), Vol. 
7, No. 38 (1992) 3527-3539. The basic motivation of these papers is to 
understand why there is such a vast difference between the predictions of 
Kuang-Yan [c.f. for instance Phys. Rev. D 4 1 , 155 (1990)] and M. B. 
Voloshin [Sov. J. Nucl. Phys. 43 , 1011 (1986)] concerning the decay rate 
of T(35) —> T(1P1)7T7r and the quantity T^P^ -* pp)BR(jj(lPa) - • 
Jjtj)-K-K)BR{J/ip —•»• e+e~) for the charmonium system. 
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