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1. List of Participating Scientists 

0 Elisabetta Barberio, Senior Scientist 
Thomas E. Coan, Associate Professor 
Yongsheng Gao, Assistant Professor 
Michael Hosack, Postdoctoral Fellow 
Matthew Knee, Graduate Student 

0 Feng Liu, Postdoctoral Fellow 

0 Liang Lu, Graduate Student 
Yury Maravin, Graduate Student 
Richard A. Stroynowski, Professor and Principal Investigator 

0 Benjamin Wakelund, Electrical Engineer 
Jingbo Ye, Research Assistant Professor 
Pave1 Zarzhitsky, Graduate Student 

Tienkuan (Andy) Liu, Electronics Engineer 

The engineering activities for the ATLAS experiment are carried out with the help of 

0 

Gary Evans, Professor of Electrical Engineering 
Wu Xiao, Graduate Student in Electrical Engineering 

The computing related work is done with the help of 

Terry Ryan, Computing System Manager 

There have been following personnel changes during the past 3 years: 
Vitali Fadeyev, Ilya Narsky and Yury Maravin graduated and accepted postdoctoral 
positions at LBL, Caltech and Fermilab, respectively. Steven Xie and Jin Wang 
completed their M.Sc. theses in 2001 and transferred to a Ph.D. program in Electrical 
Engineering. Elisabetta Barberio completed her CERN staff appointment and joined the 
SMU ATLAS group in May 2002. She resides at CERN as SMU group’s contact person. 
In addition to her work on ATLAS; she continues her work as a coordinator of the 
combined LEP analysis of the W mass and as a contributor to the Particle Data Group on 
B physics. Bernard Dinkespiler left in 2002, Tienkuan (Andy) Liu joined the SMU 
ATLAS group as an electronics engineer in May 2002 and Benjamin Wakelund started in 
May 2003. Tomasz Wlodek left his postdoctoral position located at Cornel1 in 2001 and 
was replaced by Feng Liu. Michael Hosack started his postdoctoral appointment at SMU 
in January 2003. 
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2. Historicai Perspective 

In 1991 the administration of the Southern Methodist University decided to exploit the 
construction of the SSC laboratory to renew the Physics Department. During the 
following few years 8 new faculty members were recruited to SMU, all active in research 
in particle physics. No other fields of physics research are represented here. There are 
now tive particle theorists and three experimenters at SMU. In 2003 the school 
authorized a search for the fourth experimenter’s position to be filled by fall of 2004. 
The Graduate Study program has been initiated in 1992. SMU provided a generous 
support of $100,000 for the student’s stipends with additional funds for their tuitions. At 
present, this fund supports 6 full time graduate students. The graduate program has been 
successful so far with 7 Ph.D.’s and about a dozen M.Sc. degrees awarded till now. All 
Ph.D. recipients continue to be active in research at LBL, Caltech, Fermilab, BNL and 
University of Barcelona. 

The SMU experimental group continues to receive strong support from the University. 
The administration of the Dedman College of Art and Sciences supports cost-free 
machine shop, contributes 50% support for the UNIX computer system manager and 
provides occasional desk-top computers for the faculty. Following the relocation of the 
Biology Department, which shared the Fondren Science Building with Physics and 
Chemistry, a renovation of our building started in summer of 2003 and will continue 
through 2004. This will allow for about 50% increase of the research laboratory space. 
Finally. fur the past six years, SMU Research Administration allowed us to operate at the 
reduced overhead rate of25%. 

3. Research Program Overview 

The experimental program in High Energy Physics at SMU was initiated in 1992. Its 
main goal is the search for new physics phenomena beyond the Standard Model (SSC, 
LHC) and the study of the properties of heavy quarks and leptons (CLEO, BTeV). The 
group is involved in three approved experiments and in a number of R&D projects: 

0 CLEO I1 and I11 at CESR (Coan, Gao, Liu, Stroynowski) 
The SMU group works on the rare decays of the B and D mesons and on the analysis of 
the tau decays. Rare decays are sensitive to the physics beyond the Standard Model. The 
excellent kaon identification provided by the CLEO RICH allows for the detailed 
understanding of the strange sector of the tau structure functions and for the study of the 
low mass strange resonances. The large sample of the decays T+ K Knv and T + K K 
K v  will allow for a better determination of the limit on the mass of the vT. Feng Liu is 
located at Cornell as a SMU representative at the experiment. The analysis of the full 
CLEO I I  and CLEO 111 data sample is likely to take several more years. 

CLEO-c (Coan, Gao, Liu) 
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The CLEO-c project was approved in 2003 for a five-year program of high precision 
studies of the charm meson systems. The collection of data will start this fall. SMU 
group is working on the determination of the decay constant fD and on the Cabbibo 
suppressed and rare decays of the D mesons. 

0 ATLAS at LHC (Barberio, Gao, Knee, Lu, Stroynowski, Ye, Zarzhitsky) 
This is a major effort of the SMU group. We are working on various aspects of the 
readout electronics for the Liquid Argon calorimeter including construction of the fast 
optical data links, radiation testing of the front-end board components, front-end and 
back-end electronics crate tests and on the beam tests of the calorimeter modules. Jingbo 
Ye is leading the Optical Links group in ATLAS and Richard Stroynowski is a US 
ATLAS Liquid Argon Project Manager. The Program Management requires coordination 
of the work of the participating US institutions with that performed by the non-US 
collaborators. A strong involvement in the computing and physics for ATLAS, led by 
Yongsheng Gao, resulted in SMU as one of the US ATLAS GRID Testbed sites. 
Elisabetta Barberio is a SMU representative located at CERN. In addition to the ATLAS 
related work on the software and physics simulations, she continues her work on OPAL 
where she finalizes the determination of the W mass using the data of all four LEP 
experiments. She is also a contributor to the B meson section of the Reviews of Particle 
Physics edited by the Particle Data Group. 

BTeV (Coan, Hosack) 
BTeV is a major experiment proposed at FNAL emphasizing the study of CP violation 
and rare decays of the b-quark system, and searches for new physics. Although strongly 
endorsed by the FNAL program committee it awaits final approval from DOE. A positive 
decision and appropriate funding would initiate construction in 2005 and data taking by 
2009. Thomas Coan and Michael Hosack are working on several R&D projects for the 
detector's 56k channel straw tube tracker. If BTeV is approved, SMU is slated to be one 
of BTeV's "straw tube factories." 

0 R&D on optical links (Evans, Liu, Stroynowski, Wakelund, Xie, Xiao, Ye) 
Jingbo Ye initiated several R&D projects aiming at an improvement of the speed of the 
data links used in particle physics experiments. The early work included studies of a 
novel telecommunication laser. In the near future high-speed serializers and receivers will 
also be studied. This is a long-term program. It is motivated by the plans to increase the 
LHC luminosity in 2010 by about a factor of 10. Such luminosity increase will result in a 
corresponding increase of the radiation levels in the area of the Liquid Argon on-detector 
electronics and a need to replace it. In order to minimize problems of dealing with 
radiation-hard chips, the simplest solution will be to ship the data off the detector into an 
area with low or no radiation for further processing. Such scheme will require a very 
high transmission capacity of the data links. The R&D study will be helped by the 
improved electronics laboratory instruments obtained with the NSF Major Research 
Instrumentation grant (together with the Ohio State University group) and by the 
development of new lasers supported by the SBIR grant to the Photodigm, Inc. 

0 The outreach program (Coan, Ye, Stroynowski, Knee) 
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The outreach program continued with three sessions of the QuarkNet program for the 
local high school teachers, that included a visit to CERN, and a construction of several 
muon lifetime measurements systems available to the local high schools and to the 
students’ laboratory. Each year, the SMU faculty members visited several local high 
schools and hosted local groups interested in the “Physics Circus” demonstrations. 

During the past year our activities were concentrated on the CLEO 111 running and data 
analysis and on the construction of the ATLAS experiment. During the 2002/2003 
academic year Stroynowski was on a research leave from teaching and concentrated on 
the management of the ATLAS Liquid Argon calorimeter project. As an illustration of 
this work, a Power Point presentation from one of the numerous reviews is included in 
this proposal. Yongsheng Gao will take a research leave during the Fall semester of 2003. 
He plans to spend about 6 weeks at Cornell to help with the data taking of the CLEO-c 
and to perform physics studies of the FCNC D meson decays. He then plans to spend 
about 4 weeks at CERN to work on improving the photon and electron identification 
packages and to participate in the ATLAS Data Challenge. 

The main ATLAS activities for the next three years will be centered around installation 
and commissioning of the detector, beam tests and on the preparations for the analysis of 
the first data expected in 2007. The optical data links are a critical point of the installation 
of all front-end electronics for the LAr Calorimeter. Their full design performance is 
needed to commission the LAr readout system. Link commissioning necessitates active 
involvement in both front-end and back-end electronics crates work. Optical links are 
also a necessary component of the beam test activities. We anticipate a need for a 
substantial presence at CERN during this period and plan to locate two postdoctoral 
fellows there to work on the hardware. The graduate students will join them at a later 
stage. Elisabetta Barberio initiated software development work on shower 
parametrization for the GEANT4 Monte Carlo for ATLAS. Preliminary results indicate a 
substantial time saving in the event simulation. This work will continue for the 
foreseeable future since the event simulation is expected to require considerable 
computing resources and potential for savings is very high. The physics and computing 
work, initiated by Yongsheng Gao, is likely to expand as the computing needs of the 
experiment will increase. In addition to the maintenance and the expansion of the 
computer farm, the work will include a development of the criteria and mechanisms for 
the “on-line” simulation data quality checks. Other projected activities, that include both 
hardware and detector specific software work, are explained in more detail in the ATLAS 
section of this report. Additional two postdoctoral fellows will be needed at SMU to work 
on the US ATLAS GRID Testbed, ATLAS Data Challenges, on software development 
and physics preparation. 

CLEO-c will continue the operations throughout the period of this proposal. Feng Liu 
will remain at Cornell as a SMU representative and will remain involved in the off-line 
data processing and analysis. Within last two years, two students from China have been 
admitted to SMU graduate program with explicit interest in CLEO-c theses. Both, 
however, failed to obtain the US entry visa so far. 
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4. Publications, Notes and Conference presentations in 2000- 
2003 

Since the beginning of 2000, the CLEO Collaboration published about 100 papers in 
refereed journals. The high rate of publication is somewhat diminished due to the 
preparations for CLEO-c but continues in 2003. The complete list of CLEO publications 
and conference submissions can be found on the web at 
http://www.Ins.cornell.edu/public/ CLEO/ and at 
http://www.Ins.cornell.edu/public/CONF/. In addition, papers with SMU coauthors from 
their past experiments at LEP - L3, ALEPH and OPAL - continue to appear. There have 
been over 30 of such papers during past 3 years. Here, we list only papers and notes that 
either originated at SMU or contain a major contribution by a SMU physicist. 

4.1 Publications and notes 

ATLAS Related Publications and Notes 

1) Electron identification and e - ‘IL separation with the em. calorimeter barrel 

L. Lu, Y. Gao, E. Barberio and R. Stroynowski, ATLAS Note ATL-COM-LARG-2003- 
004. 

Module P15. 

2) Peformance of the ATLAS electromagnetic calorimeter barrel module 0. 
B. Aubert et ai., Nucl. Instrum. A 500:202-231,2003. 

3) Performance of the ATLAS electromagnetic calorimeter end-cap module 0. 
B. Aubert et ai., Nucl. Instrum. A500:178-201,2003. 

4) Application of VCSELs to Radiation Tolerant Optical Data Links. 
M. Pearce, J.Ye, G. Evans, R. Stroynowski, M-L. Andrieux and B. Dinkespiler. In 
Vertical-Cavity Surface-Emitting Laser Devices. H.Li and K. Iga Eds., Springer Series in 
Photonics, Springer-Verlag (2003). 

5) Single Event Upset Studies of a High Speed Digital Optical Data Link. 
M.-L. Andrieux at al., Nucl. Instr. and Meth. A456,342 (2001) 

6) Irradiation Studies of Multimode Optical Fibers for use in ATLAS Front-end 
Links. 
G. Mahout et al., Nucl. Instr. and Meth A446,426 (2000). 

7) The DMILL MUX Design For the Single Glink Optical Link. 
M-L. Andrieux et ai., ATLAS Note ATL-AL-ES-00 15 (2000). 
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CLEO Related Publications and Notes 

8) First Search for the Flavor Changing Neutral Current Decay Do+yy. 
T.E. Coan et al., Phys. Rev. Lett. 90, 101801 (2003). 

9) Branching fractions of tau leptons to three charged hadrons. 
R.A. Roy et al., Phys. Rev. Lett. 90, 181802 (2003). 

10) Construction, pattern recognition and performance of the CLEO-I11 LiF-TEA 
RICH Detector. 
M. Artuso et at. Nucl. Instr. Meth. A502:901-100,2003. 

11) Search for CP violation in z K R vT decays. 
G.  Bonvicini et al., Phys.Rev.Lett.88:111803,2002. 

12) Observation of exclusive anti-B ---> D(*) K*- decays. 
R. Mahapatra et al., Phys.Rev.Lett.88: 101 803,2002. 

13) z+ K K R vT at CLEO 111. 
F.Liu, R. Stroynowski and Y. Gao, CBX 02-29 (2002). 

14) First search for FCNC decay of Do+ y y . 
Y. Gao, CBX 02-30 (2002). 

15) Particle identification efficiencies a t  CLEO 111 
F. Liu, CBX 02-26 (2002). 

16) Tracking efficiency systematics at CLEO I11 
F. Liu and Y.  Gao, CBX 02-1 3 (2002). 

17) Search for CP violation in r j  R no v1 decay. 
P. Avery et al., CLEO-0 1-06, Phys.Rev.D64:092005 (2001). 

18) Observation of exclusive anti-B ---> D(*) K*- decays. 
F. Liu, Y. Gao and R. Stroynowski, CBX 01-43 (2001). 

19) Search for CP violation in z+K R vT decays. 
Y. Maravin and R. Stroynowski, CBX 01-32 (2001). 

20) Search for the exclusive FCNC processes of B+Kl+f and K*(892)1+1-. 
Y.  Gao, CBX 01 -20 (2001). 

21) Improved upper limits on the FCNC Decays B+ K1+1- and K*(892)1+1-. 
S. Anderson et al., Phys. Rev. Letters 87:181803 (2001). 
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22) CLEO-c and CESR-c: A new Frontier of weak and strong interactions. 
R.A. Briere et al., CLNS-01-1742 (2001). 

23) Study of B decays to charmonium states B+r(,K and B 3  xcoK 
K.W. Edwards et al., Phys. Rev. Lett.86,30 (2001) 

24) The CLEO-I11 Ring Imaging Cerenkov Detector. 
M. Artuso et al, Nucl. Instr. Meth. A461 :545,2001. 

25) Evidence for the Leptonic Decay D + p .  
1. Narsky, L.Gibbons and R. Stroynowski, CBX 01-42 (2001). 

26) Update of the Search for the Neutrinoless Decay z -> pv. 
S. Ahmed et al., Phys. Rev D61:071101,2000. 

27) B Momenta Calibration in Recompress and CLEO 1I.V. 
V. Fadeyev and R. Stroynowski, CBX 00-43 (2000). 

28) Study of Two Body B Decays to Charmonium States B+ q,K and B+xc0K. 
V. Fadeyev and R. Stroynowski, CBX 00-3 (2000). 

29) Search for decay of Bo Mesons into Pairs of Leptons. 
T. Bergfeld et ai, Phys. Rev. D62:091102,2000. 

BTeV Internal Notes 

30) Straw burn-through tests with fusible links. 
T.E. Coan, BTeV-doc-476-v1 (2003). 

31) Simple Fusible Link Tests. 
T.E. Coan, BTeV-doc-227-v1 (2003). 

32) Some General Remarks on the Straw Front End HV Bus. 
T.E. Coan, BTeV-doc-l609-v2 (2003). 

33) Summary of HV/LV Discussions at  the February '03 Straw FEE Workshop. 
T.E. Coan, BTeV-doc- 1602-v 1 (2003). 

34) High Voltage Bus Disconnects. 
M. Hosack, BTeV-doc-1853-vl (2003). 

35) High Voltage Bus: General Considerations. 
M. Hosack, BTeV-doc-1743-v1 (2003). 

36) Verification of Sensirion SHT Temperature and Humidity Sensors. 
M. Hosack, BTeV-doc-1676-v1 (2003). 
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37) Temperature and Humidity Monitoring for Straws: Sensors and Calibration. 
M. Hosack, BTeV-doc-1500-vl (2003). 

Other 

38) Present status of experimental determination of IV(cb)l. 
M. Artitso and Elisabetta Barberio , hep-ph/0205163, May 2002. 

39) Measurement of the mass of the W boson in &e- collisions using the fully 
leptonic channel. 
G. Abbiendi et al., hep-ed0203026 (2002). 

40) Review of Particle Physics. Particle Data Group. 
K. Ilagiwara et ai., Phys.Rev.D66:010001,2002. 

41) A combination of preliminary electroweak measurements and constraints on the 
Standard Model. 
E. Barberio, CERN-EP-2002-09 1, hep-ed02 12036 (2002) 

4.2 Conference presentations 

1) Recent Charm from CLEO. 
Y.  Gao, Invited talk at the International Europhysics Conference on High Energy 
Physics, Aachen, Germany, July 2003. 

2) The Future of Charm Physics. 
T.E. Coan, Invited talk at the Conference on the Interaction of Particle and Nuclear 
Physics(CIPANP), May 2003, New York City. 

3) Recent CLEO Upsilon(1S and Upsilon(3S) Results. 
T.E. Coan, Proceedings of 38 Rencontre de Moriond on QCD and High Energy 
Hadronic Interactions, Les Arcs, France, March 2003, hep-ed0305045. 

d! 

4) W Physics at LEP. 
E. Barberio - Plenary talk at “Physics in Collisions” DESYEeuthen, Berlin, Germany, 
June 2003. To appear in the proceedings. 

5 )  Experimental and theoretical review of Vcb, Vub, lifetime and lifetime difference. 
E. Barberio, T. Iijima and L. Lellouch. Workshop on CKM Unitarity Triangle, Durham, 
UK,  April 2003. To appear in the proceedings. 

6) Integration Studies of the Optical Data Links for ATLAS Liquid Argon 
Calorimeter System. 
J. Ye, 9th Workshop on Electronics for LHC Experiments, Amsterdam, The Netherlands, 
Sept. 29-Oct. 3, 2003 
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7) z + K' K- n- v, at CLEO 111. 
Feng Liu, Contribution to the 7th International Workshop on Tau Lepton Physics (TAU 
02), Santa Cruz, California, 10-13 Sep 2002. hep-ex/0209025. Published in the 
proceedings. 

8) CP violation in tau decays. 
R. Stroynowski, Contribution to the 7th International Workshop on Tau Lepton Physics 
(TAU 02), Santa Cruz, California, 10-13 Sep 2002. 

9) CKM matrix from LEP, W-decay. 
E. Barberio, Invited talk at the Symposium on Quark Mixing and CKM Unitarity, 
Heidelberg, Germany, September 2002. To appear in the proceedings. 

10) Mass and width of the W boson at e'e- colliders. 
E. Barberio, Nucl.Phys.Proc.Suppl. 109:68-73,2002 Also in *Siena 200 1 , The legacy of 
LEP and SLC* 68-73. 

11) Summary of the experimental status of IVcbl, IVubl, lifetime and lifetime 
difference. 
E. Barberio, Summary talk at the Workshop on the CKM Unitarity Triangle, CERN, 
Geneva, February 2002. hep-pW0304132 and CERN Yellow Book. 

12) CKM matrix from LEP, W-decays. 
E. Barberio, Invited talk at the Symposium on Quark mixing and CKM Unitarity, 
Heidelberg, Germany, September 2002. 

13) The CLEO-c physics program. 
T.E. Coan, Contribution to 16'h Les Rencontres de Physique de la Valee d'Aoste: Results 
and perspective in Particle Physics, La Thuile, Italy, March 2002. hep-ex/02060 15. 

14) CP violation search in T+X x0 vt decays. 
T.E. Coan, Proceedings of the 4* International Conference on B physics and CP 
violation, Ise-shima, Japan, February 2001. 

15) Recent Results from CLEO Collaboration. 
Y.  Gao, Proceedings of the International Conference on Flavor Physics, Hunan, China, 
June, 200 1, hep-ed0 108005. 

16) Direct CP Violation. 
J. Ye, Contribution to Frontiers of Contemporary Physics, Nashville, Tennessee, March 
5-10,2001. 

17) Search for CPV in tau decays. 
Y. Maravin, Contribution to Frontiers of Contemporary Physics, Nashville, Tennessee, 
March 5-10, 2001. 
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18) Redundancy or GaAs? Two different approaches to solve the problem of SEU in 
a Digital Optical Link. 
B. Dinkespiler, Proceedings of the 6'h Workshop on Electronics for LHC Experiments, 
Krakow, Poland, September 2000. 

19) Rare B Meson Decays in CLEO. 
R. Stroynowski, Proceedings of the XXX ICHEP Conference, Osaka, Japan, World 
Scientific, 2000. 

20) Radiative B meson decays. 
T.E. Coan, Proceedings of the XXX ICHEP Conference, Osaka, Japan, World Scientific, 
20700. 

21) Lepton Number and Flavor Violation. 
I. Narsky, Proceedings of the 7" Conference on the Intersections of Particle and Nuclear 
Physics, Quebec City, Canada, 2000. 

22) Results from B to Charmonia Decays from CLEO Collaboration. 
Y.  Gao, Int. J. Mod. Phys. AlGSIA, 428 (2001). DPF 2000, Columbus, Ohio, August 
2000, hep-ed00 1 1003. 
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5. ATLAS 

5.1 Overview 

The initial responsibility of the SMU group in ATLAS was the design and construction of 
the fast optical digital links for the Liquid Argon Calorimeter. The calorimeter has about 
220,000 read-out channels. They are read out by about 1,600 Front End Boards (FEB). 
The links transmit the data between the front-end boards and the back-end Readout 
Drivers (ROD) that provide the calibration and the on-line processing of the signals. The 
design of the link components is now complete and the FEBs and RODS will be 
submitted for production in 2004. Then, the major task will be the debugging, installation 
and commissioning of the links and the creation of the monitoring software and of the 
data bases. This is a collaborative effort between several institutions and is coordinated 
by Jingbo Ye. Work related to the optical links continues as they are needed for the beam 
tests, and various test stations. The SMU group has taken additional responsibilities in 
radiation testing of the ADC chips for the FEB, in testing the on-detector electronics and 
in development of the software for the Front-end crate and calibration tests. The graduate 
student - Pavel Zarzhitsky, does this latter work. 
There are three other major activities within the ATLAS group. 

1 Yongsheng Gao, together with the SMU computing system manager - Terry Ryan 
and graduate student -Liang Lu set-up a Monte Carlo farm as one of the US 
ATLAS Grid Testbed sites for the ATLAS Data Challenge. 
Elisabetta Barberio works on the development of the electron and hadron shower 
parameterization in the calorimeter for the GEANT 4 Monte Carlo. This work is 
aimed at a substantial reduction of the computing time needed for the analysis of 
the LHC data. 
In summer of 2002 several days of the beam test of one of the calorimeter 
modules were devoted to the studies of its responses to the electron and pion 
beams. Liang Liu, Yongsheng Gao and Richard Stroynowski set up the test and 
analyze the data. 

2 

3 

The group has been strengthened with the addition of senior electronics engineer - 
Tienkuan (Andy) Lu - who replaced Bernard Dinkespiler, and with addition of Benjamin 
Wakeland - a junior electrical engineer, with addition of a senior research physicist - 
Elisabetta Barberio who resides at CERN and with two full-time graduate students - 
Liang Liu and Pavel Zarzhitsky. A third graduate student - Matthew Knee helps in 
radiation tests and various electronics jobs. Jingbo Ye is the Coordinator of the Optical 
Links Group (Stockholm, Grenoble, SMU, Taiwan, Marseille) and Richard Stroynowski 
continues as a Level-2 manager of the US-ATLAS Liquid Argon system. 
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During the Summer of 2002 Liang Lu, Elisabetta Barberio and Richard Stroynowski took 
part of the beam test of the Liquid Argon electromagnetic module 15 at CERN. Three 
days of this run were dedicated to the study of the electron-pion separation that became 
the SMU responsibility. The analysis of the data is in progress. SMU was the only US 
group involved in this effort and will continue to participate in the 2003 and 2004 test 
beam runs that will study performance of a combined endcap electromagnetic, hadronic 
and forward calorimeters. 

Elisabetta Barberio initiated ATLAS physics simulation studies using newly created 
ATHENA system. Her current study exploits Z mass constraints in searches for lepton 
number violation in the tau lepton decays to a muon and a photon. In addition she 
continues her responsibilities as a B physics contributor to the Particle Data Tables and as 
a coordinator of the combined LEP group studying the W mass. 

There are several consequences of the schedule changes for the start of the LHC 
operations. The initial plan of an engineering run in the Fall of 2005 followed by a long 
access and a low luminosity run in 2006 and a full luminosity run in 2007 has been 
moditied due to the CERN financial difficulties. The current schedule calls for a start in 
January of 2007 at a full design luminosity of the LHC machine. As a consequence, an 
increased emphasis is placed on the comprehensive tests before the start of the LHC 
operations. One of such tests is a combined beam test consisting of modules of all 
ATLAS calorimeters: tiles, hadronic and electromagnetic using the final data acquisition 
system and software. This test is scheduled for Summer of 2004 but its initial, 
preparatory stage will take place in Summer of 2003. SMU participation in the tests and 
its preparations is necessary since the data links represent an integral part of the new 
beam test electronics and DAQ. We anticipate the participation of the SMU graduate 
students: Liang Lu and Pave1 Zarzhitsky - in these tests. 

Although the ATLAS group at SMU has a strong presence in the front-end electronics 
work and initiated physics simulation studies, there is at present no involvement in the 
detector software development. This problem becomes critical is several areas. In 
particular the creation of the online data bases to monitor performance of the links and 
identify sources of errors in the readout chain will have to be started in the coming year. 
An addition of a software oriented postdoctoral fellow to the ATLAS group is becoming 
urgent. 

5.2 Optical Data links 

SMU coordinates the Optical Data Link for the ATLAS Liquid Argon Calorimeter 
readout system with Jingbo Ye as the Coordinator. There are five institutions that have 
been involved in this project for the past several years: the Academia Sinica-Taiwan, 
CPPM-Marseille, ISN-Grenoble, KTH-Stockholm, and SMU-Dallas. Link integration 
constitutes a big fraction of the coordination work. The sender part of the link is located 
one the FEB -the upstream electronics readout system designed and built at the 
Columbia University and by the French consortium led by LAL-Orsay. The receiver part 
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of the link is on the downstream electronics system, the ROD, designed and built by the 
University of Geneva and the LAPP Institute at Annecy. SMU physicists and engineers 
lead the design and testing of the optical link system, from the conceptual design through 
their integration with the overall readout system, production, installation and 
commissioning. 

The Optical Data Links are used in the ATLAS Liquid Argon Calorimeter’s Front-end 
electronics crate test system at Brookhaven National Lab and in the Back-end electronics 
crate test system at CERN. The ATLAS tile calorimeter and the muon chamber systems 
also adapted our design. 

5.2.1 Design 

Over the past three years, we performed numerous lab tests and irradiation studies and 
finalized the conceptual design of the Optical Data Link using the G-Link HDMP- 
1022/1024 transmitter and receiver chips. G-Link chips, based on bipolar technologies, 
are products from Agilent Technologies. The link design block diagram is shown in the 
figure below. The input 32 bits 40.08 MHz differential LVDS data from the FEB are 
level translated to TTL and 2:l multiplexed into 16 bits 80.16 MHz by the input 
multiplexing chip. This chip also latches the data with the clock sent back from the G- 
Link transmitter chip HDMP-1022 that is configured to run in the double frame mode. 
This transmitter chip serializes and frames the 16 bit data into a differential 1 bit data 
stream. The toggle of the odd and even frames (the 2: 1 multiplexing) is transmitted to 
HDMP-1022’s flag bit. This serial data stream is sent to the Optical Transmitter (OTx) as 
modulation signal to the light emitter. VCSEL, emitting light at 850 nm, was selected as 
the light emitter. After inclusion of the bits used by the G-Link transmission protocol, the 
overall serial transmission rate is 1.6 Gbps. The VCSEL, coupled to a 50 micron core 
graded index (GRIN) multimode fiber, can transmit the 1.6 Gbps signal over a distance 
up to 500 meters. The distance between the FEB and the ROD is about 200 meters. On 
the receiving side located on the ROD, a PIN diode turns the optical signal back to 
electrical, and the G-Link receiver chip HDMP- 1024 de-serializes and de-frames the 
serial data and regenerates the parallel data and data clock. This clock also is internally 
used to latch the parallel data at the chip’s output. The output parallel data from HDMP- 
1024 are 16 bits at 80.16 MHz with a flag bit to differentiate the odd and even frames. In 
the implementation of the design, we use an ALTER4 MAX7 128 CPLD chip 
programmed as a 1 :2 demultiplexer to translate the 16 bits 80.16 MHz data back to the 
original 32 bits 40.08 MHz data at the TTL signal level. The de-serializer HDMP-I024 
also monitors the link status and outputs error flags (frame loss error and invalid control 
field bits error). These error flags are transmitted to slow control. 

16 



k M n g  end 

The Optical Link Block Diagram 

The Production Readiness Review for the link components took place in February 2002 
and we have purchased all the G-link chips for the production. 

5.2.2 Radiation testing 

The optical links’ components of the transmitter are located on the detector and will be 
subject to intense radiation during the LHC running. They have to be qualified for the 
radiation tolerance. 

Irradiation (gamma, neutron and proton) tests were carried and the transmission error rate 
for the realistic ATLAS environment has been estimated based on these tests [ll. 
Radiation tests on limited number of samples, that were required for the production 
readiness Review, were finished in 2002. Components identification tests were performed 
on one channel at a time. Since then, we are performing tests on components production 
batches to verify the purchases. The G-Link transmitter chip, HDMP-I022 and on the 
optical transmitter, the OTx, were tested at the Harvard Cyclotron Laboratory. The beam 
line and the device under test are shown the following picture. 
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The beam line and the four boards under test are shown here. Power, clock and data are 
provided to the boards under testing. Data are carried away by fibers (not visible in the 

picture) out of the irradiation chamber. 

A 4-channel test station was constructed that allowed us to test up to four chips at a time, 
as shown in the above picture. The receiving side with error analyzing and data logging 
capability is shown in the following picture. 
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Optical receivers with error analyzing units (right hand side) and the data are logged in a 
PC (left hand side) are shown here. Four fibers carry data from the transmitting boards 
under irradiation to the receivers and error analyzers. Errors are counted and logged in 

the PC through a serial port connect and a LabVIEW program. 

The tests results confirmed that the purchased G-Link production batch is radiation 
resistant exceeding the requirements by a factor of three. The OTx module with 
SY89922V driver chip has negligible (less than 
G-Link chip. 

error rate compared to that from the 

5.2.3 Integration 

Integration of the link’s transmission side onto the FEB started in 2000 after the 
successful system test at CERN. Due to the fact that the collaboration decided to adopt 
the single G-Link solution, the DMILL based ASIC multiplexing chip, called DMUX at 
that time, had to be redesigned from a dual multiplexing to a single multiplexing, The 
new chip was named SMUX. We collaborated with the ISN group on the design, testing 
and debugging of the SMUX and quantified the safety margin by providing a 
measurement of the “StrbOUT” signal duty cycle of the HDMP-1022. This signal with 
the double frequency of the input 40.08 MHz is used by the SMUX to clock data at its 
output registers. This duty cycle is an important parameter of the G-Link chip but its 
information is not provided in the manufacturer’s data sheet. The SMU group also 
explained [3] that the reason for this deviation from 50% duty cycle is due to the different 
rise and fall times of this signal’s TTL driver. As a result of these measurements and 
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calculations, the SMUX design had to go through another iteration and the revised design 
was submitted for the May 2002 for the DMILL Multi-Project-Wafer engineering run. 
The packaged SMUX chips from this engineering run came back in September 2002 and 
tests carried out at ISN, SMU and Nevis show that all the characteristic parameters met 
the design goals. The Production Readiness Review accepted the chip in January of 2003 
and it is now in production. The packaged chips are expected to arrive between August 
and November 2003. We are working on the production qualification system. 

During the system tests of the SMUX, an unexpected error in G-Link datasheet was 
discovered: the input data sampling time specified by the G-Link datasheet is wrong. This 
affected the performance of the readout board. We performed extensive measurements on 
this important timing parameter and found its correct value. Agilent Technologies has 
been notified, confirmed our measurements and corrected this error in its datasheet. Since 
the G-links were already purchased, we proposed a design change to the FEB that has 
been incorporated in the present version. 

The tests on the first 32 optical fiber ribbon cable proposed by Ericsson, Sweden were 
carried out in April 2002 and the results were not satisfactory. The revised design of the 
cable, including the mechanical protection jacket, has been tested in October 2002 and 
accepted by the CERN’s Technical Coordination Division. We now work on the fiber 
connection and routing issues. 

Our group is also involved in all aspects of the back-end electronics system called the 
Read Out Driver (ROD). In 2001 we proposed a high density ROD conceptual design to 
exploit the latest DSP technologies [6] .  A modified version of this proposal was adopted 
increasing the on-board density by a factor of 8 and reducing the cost by about 25%. The 
new design introduced additional problems of interference among the high-speed signals 
in the receivers of the data links. As a solution, we raised the sensitivity requirements on 
the optical receiving modules ( O b )  to -17 dBm. The ORX is designed and developed in 
Taiwan with SMU collaboration. We worked with the Taiwan group to improve the 
design and packaging. The design changes, shown in the following pictures, 

The new SMU design (right) solved the 

Allowed us to exceed the requirements anc 

nterference problem on the old design (left). 

reach the sensitivity of -20.dBm. 
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We have now started to define the testing and verification procedure for the link 
performance in the back-end crate test scheduled for winter 2003 and spring 2004. The 
testing tools are being built at SMU and will be transported to CERN. 

5.2.4 Production: G-Link frequency and temperature screening 

G-Link is the only serializing de-serializing chip set we identified [1,7,8,9] that can 
withstand the radiation requirements in the ATLAS Liquid Argon readout system. The 
commercial G-Link chips specifications allow them to operate at speeds of up to 1.5 
Gbps. In ATLAS we need a 1.6 Gbps serial data rate. We have purchased from Agilent 
Technologies a special batch of chips that are guaranteed to work up to 1.7 Gbps data 
rate. These chips will be used for the optical link production and spares. However, we 
found out that many more chips are needed by our ATLAS collaborators for various 
prototypes and test stations. Since the Agilent is not interested in another special 
production run, we need to pre-select chips that can run at a higher speed from the 
coiumercially available batches. We designed and constructed a G-Link Tester. It serves 
as an optical signal generator and as a debugging tool for the FEB and the ROD. It will 
also be used in OTx and ORx production quality assurance. For the moment the G-Link 
Tester setup replaces the ROD Installation and Testing Signal Injector, a VME based 
system now under development at LAPP. We assembled four G-Link Testers already and 
more are requested. 

The G-Link Tester block diagram is shown in the following figure. Constant, linear 
(binary counter) or pseudo-random data patterns of 32 bits are generated in the Pattern 
Generator at the frequency (fc) of the external clock source. The 32-bit data are then 2:l 
multiplexed by the Mux into 16-bit data at the double frequency (2fJ sent back from 
HDMP-1022’s StrbOUT pin. HDMP-1022 adds 4 bits frame control to the 16-bit data 
and generate a 20-bit data frame. HDMP-1022 then converts the parallel data into a serial 
data stream and out put it in differential format. An Optical Transmitter consists of a 
VCSEL and a driver circuit converts the electrical serial data stream into optical signal. A 
multimode graded index fiber is used to carry the optical signal from the transmitter side 
to the receiver side, which sits on the same board. On the receiver side, an Optical 
Receiver consists o f a  PIN and two amplifiers converts the optical signal back to 
electrical signal. The clock, frame control information and the 16-bit data are recovered 
from the serial data stream in the deserializer chip HDMP1024. The 16-bit data are then 
converted back to the original 32-bit data in the DeMux. The 32-bit data are checked in 
the Error Detector unit for bit flip errors. Two counters (not shown in the diagram) count 
the number of errors AND time. Serial port protocol is used to transfer these two counters 
to a PC every 100 milliseconds, together with the board setting conditions. A LabVIEW 
program is used to display the bit error rate, frame loss and the board setting conditions. 
The Pattern Generator, the Mux, the DeMux, the Error Detector and the counters are 
implemented in an Altera FPGA chip ACEXlk100-1. Zero Insertion Force Sockets IC51- 
0804-819-6 from Yamaichi Electronics USA Corporation [lo] are used to hold the G- 
Link chips under test. 
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The architecture of the test system 

In the pattern generator, a pseudo random number generator based on the linear feedback 
shift register (LFSR) method is used to generate pseudo random data patterns. The LFSR 
method is chosen because of its good randomness and simplicity of implementation [ 1 1 ,  
121. But a LFSR chain only generates one random bit at each clock period. In  order to get 
a 32-bit data word at one clock cycle, we use 32 LFSR chains in parallel. The depth of 
each LFSR is 63, and this gives a pseudo random data pattern period of 263-1 clock 
cycles. When working at 40.16MHzY the pseudo random data pattern generator will 
repeat its output after 7300 years, which is long enough for the normal test. 
Random number seeds are required for proper operation of LFSR. A second pseudo 
random number generator (seed generator) with one bit output is used to provide the 
seeds to the parallel pattern generator. When working at 40.08MHzY the period of the 
seed generator is about 13 minutes. The seed generator starts working at power on. 
Because the time to start initializing the parallel pattern generator, controlled by a push 
button switch, is random in time relative to the seed generator output bit position, the 
probability that parallel pattern generator is initialized by the same random seed is very 
small. 

At the receiving side, a second parallel pattern generator with the same structure of the 
first is to generate the data pattern for transmission error detection. This second parallel 
pattern generator generates data pattern upon receiving the first data word from the link 
and use that word as its seed. The error detection starts by comparing the second received 
word to the generated word from the second pattern generator. Since the bit error rate of 
the link is below the probability that the very first word has error is negligible. 
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A picture of this board is shown here. Using this setup, we carried out three 
measurements. 

The G-Link tester PCB. 

The duty cycle of the StrbOUT signal from HDMP-1022 at 40.08 MHz input clock is 
measured. A typical oscilloscope screen capture is shown here. We set the threshold at 
1.4 v. 
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The oscilloscope screen capture showing a duty cycle measurement on the StrbOUT 
signal. The duty cycle is defined to be the width of the logical “1” over the period with 

the “0” and “1” threshold set at 1.4 V. 

The measurement result is shown in the following figure, with an average of 62.4%. The 
duty cycle deviation from 50% is explained due to different rise and fall times of its TTL 
driver. 

HDMP 1022 StrbOUT Duty Cycle at 40.08 MHz 
i 
A 

P) - 
1; ;B 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 
I 

Device # 
1 ---i 

80.0 

75 0 

70 0 

65 0 

600 

55.0 

5110 

Duty cycle measured over 50 HDMP-1022 chips. 

The frequency screening provides us with the information about the safety margin we 
have above the operation point. Agilent refuses to release any information of this kind. 
The measurement shows that we can operate the G-link safely at 45 MHz, giving us at 
least 12.5% safety margin above 40.08 MHz. A typical frequency screening result is 
shown here: 

A typical frequency screening result of the G-Link. Error starts to show up at 46 MHz. 

The temperature affects G-Link operation. Agilent guarantees an operation temperature 
up to 85C at a maximum speed of 1.5 Gbps. We operate G-Link at 1.6 Gbps, so it is 
necessary to know what is our temperature upper limit. The measurement on 50 chips at 
1.8 Gbps show that all chips can operate error free up to 55C. Above this, errors start to 
show up and at 62C the link cannot even stay locked. A bit error rate versus chip case 
temperature is shown here: 
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Bit error rate verses chip case temperature. 

To be conservative, we set 45C as the upper limit on the case temperature for a stable 
operation at 1.6 Gbps. 

5.2.5 Beam test electronics 

The LHC start-up has been delayed until the January of 2007. New schedule eliminated 
the engineering run and calls for full luminosity of the machine. As a consequence a 
series of beam tests is required to provide the initial calibration constants for the 
calorimeters. The beam test of a combined electromagnetic-, hadronic- and tile- 
calorimeter modules is scheduled for 2004. We plan to use a readout system and data 
acquisition as close to the final versions as possible. For the first several months of the 
beam test, the final version of the Front-end boards will not be available and the previous 
version, the so-called module 0, FEBs will be used. The module 0 FEBs are functionally 
identical to the final FEB except that they do not have optical output. We are building the 
optical readout adaptors to these FEBs. The following figure illustrates the block diagram 
of this electro-optical module and its testing board (the one that simulate a module 0 
FEB): 
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The left side board simulates the module 0 FEB. It connects the electro-optical module 
through two FEB like connectors. FEB data are simulated in a Cyclone FPGA. The same 
FPGA also serves the purpose of bit flip error checking. That is, it is also a BERT with 
optical receiver and de-serializer. The right side board is the electro-optical module. 
Twenty modules will be produced. The input differential PECL signals and clock are 
translated to TTL signals and are 2:l multiplexed by the CPLD chip. G-Link transmitter 
chip HDMP-1022 is used to serialize the data into a serial data stream and OTx is used to 
transmit the data optically through a fiber to the ROD. We are in the process of circuit 
designing. 

5.3 ADC qualification tests 
Past successes lead our group to a larger involvement in the front-end electronics. The 
group became responsible for the acceptance and radiation testing of the ADC chips froin 
Analog Devices. This work has already started and will be done in collaboration with the 
LHCb group from the University of Minnesota. The ADC chips are radiation tolerant. 
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The company does not guarantee the performance under radiation and for each 
production batch we will have to perform a radiation test on randomly selected sample. 
The SMU group designed and built a stand-alone test setup for the “live” test of the 
chips. 

The block diagram of this test setup is shown below: 

MUX Board Evaluation Board 
RS-232 

The signal generator generates a sinusoid analog signal that is fed into the ADC after 
passing through a band-pass-filter (BPF) and low-pass-filter (LPF). A crystal clock 
oscillator provides the sampling clock. The digital output of the ADC is buffered in a 
tirst-in-first-out (FIFO) memory. A Complex programmable logic device (CPLD) 
controls the communication among the ADC, the FIFO and the DAQ card. The CPLD 
also controls to select one out of four groups of filters according to the analog signal 
frequency. The ADC, the FIFO, the crystal and the CPLD are on a 4-layer print circuit 
board (PCB) called the evaluation board. The BPF and LPF are on another PCB board 
called the MUX board. The digital data are then transferred to a PC through a data 
acquisition (DAQ) card HS-32-DIO from National Instruments, Inc. The data are 
analyzed in the PC to calculate the signal-noise-rate (SNR) and worst spur. The reference 
voltage Vref of the ADC is monitored by a digital multimeter Agilent 33410A. The PC 
sets the analog signal frequency and level of the signal generator through a serial port and 
gets the voltage of Vref from the multimeter through another serial port. The software 
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based on LabVIEW controls the evaluation procedure and analyzes the data to get the 
ADC's specifications. 

The Evaluation board is shown in the following picture: 

The Evaluation board: the ADC under test is in a direct-contact socket. The digital data 
acquisition part - the FIFO and the CPLD - is well separated from the ADC and is kept 
inactive while the ADC performs analog to digital conversion. This helps to bring the 
noise down to a minimum level. 

The complete setup is shown in the following picture: 
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The complete ADC testing setup excluding the PC. The front box contains the Evaluation 
board (right) and the filter selection MUX board (left). The precision sine wave generator 
and the Agilent voltmeter are controlled and read out by the PC. The whole testing 
procedure is automated. The operator only needs to put the ADC chip in the socket and 
start the LabVIEW based DAQ program. 

We also developed the LabVIEW based DAQ program and its user interface is shown in 
the following picture: 
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This program provides a user interface to run the ADC testing setup, performs data 
acquisition, analysis and logs the final results of each chip for further studies. 

We tested the setup on several ADC chips at four frequencies 1.25,2.50, 5.00, 9.60 MHz. 
At each frequency 8192 samples are obtained to calculate the SNR and worst spur 
distortion, and the measurement is conducted 64 times to get the average and standard 
variance. For the sine wave with the amplitude 1 dB less than the full scale of 
AD9042AST (1 .OV peak-peak), the average SNR ranges from 67.1 dB to 67.9 dB and the 
worst spur distortion ranges from -82.3dBc to -78.0dBc, and all standard variance less 
than 0.2 dB. These results match or surpass the performance specified in the data sheet. 
We conclude that this setup meets our design requirement and is ready to be used. 

5.4 Parallel BERT for Pixel PIN receiver 

We are developing a 12 channel parallel BERT for the ATLAS Pixel sub-detector group, 
to evaluate the optical receiving PIN and pre-amplification system for the Pixel Front-end 
board. Our Taiwan collaborators developed the PIN array. The problem is similar to that 
solved by us for the Liquid Argon link tester, but instead of a single link, here is an array 
of 12 links. The design block diagram is shown here: 
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The design of the BERT is finished. We are in the process of fabricating the PCB and 
work on development of the software based on VHDL. Four such BERT systems will be 
made for pixels irradiation tests. 

5.5 Front-End Crate Test at BNL 

A performance test of a complete crate of the front-end readout electronics is necessary 
before the start of the Front-end board production. This test is a necessary step before the 
PRR. This work involves not only modifications to the link design, necessitated by the 
test set-up but also first complete analysis of the calorimeter signals transmitted through a 
complete electronics chain. In addition to 28 FEBs, the crate will house 5 other types of 
boards including the calibration, clock distribution, trigger building boards and slow 
controls. The front-end crate test will thus debug and evaluate the overall performance of 
a complete chain of the readout electronics. The experience and the results of this test 
will result in the definition of system procedures that can be proposed as standards. In 
this respect all the tests, tools and expertise that will be developed at the test-site have to 
be easily transferable to CERN so that they can be used during the installation and 
commissioning of the detector. The test is set up at BNL with collaboration from all 
front-end electronics related institutions. SMU involvement at present is in setting up the 
optical links and in the development of software for the analysis of the calibration data. 

The BN L setup for full-crate tests is shown in the block diagram and picture below. In 
here one can see the subsystems: 
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A n  important goal of the FECT is to check the calibration system for LARG. Method of 
optimal filtering used for LARG calibration requires knowledge of the shape of the signal 
waveform. Specially designed calibration board injects a known charge into each channel 
and defines the shape of the pulse. The charge is specified by an input DAC value on the 
calibration board. 

SMU graduate student - Pave1 Zarzhitsky works on the development of the data 
analyzing code for the calibration. Together with Jeff Macdonald from Pittsburgh 
University and Francesco Lanni from BNL, he developed an offline package to calculate 
thermal noise and pedestals and to derive the optimum filter coefficients used in the 
online processing by the ROD processors. A plot of the normalized calibration waveform 
is shown below. 
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Shown in the following plot is the reconstructed DAC value versus the input DAC value 
with the optimal filtering coefficients obtained in our software package. The excellent 
linearity of the plot represents a cross check of the calculation procedure. 
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Reconstructed DACs versus input DACs 
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Andy Liu works on a development of a FPGA and DSP codes for the Processor Units of 
the ROD. This is a joint effort between LAPP, Nevis Lab and SMU. The hardware 
related codes are necessary to optimize the speed of the data acquisition and of the online 
data processing. This exercise also serves as a test for the ROD online code for the back- 
end ROD full crate test and for code to be run in ATLAS. 

[ 13 M. L. Andrieux et al., Single-event upset studies of a high-speed digital optical data 
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link, Nuclear Instruments and Methods in Physics Research. A 456 (2001) 342. 
“ATLAS POLICY ON RADIATION TOLERANT ELECTRONICS” posted at 
http://atlas.we b.cern.ch/Atlas/GROUPS/FRONTEND/WW W/RAD/ 
RadWebPage/ATLASPolicy/APRTE-rev2-250800.pdf 
An Explanation of the G-Link HDMP-1022 StrbOUT Signal Duty Cycle’s Deviation 
from 50%. An ATLAS note to be submitted from SMU. 
Report of the Production Readiness Review on ATLAS Liquid Argon opto- 
components of the read-out boards, ATC-RA-ER-02 1 .  

[5] Response to the PRR report, internal ATLAS document. 
[6] “Another ROD Proposal”, SMU note. Also see the minutes of ROD BNL meeting on 

March 03,2001 
[7] M.-L. Andrieux, B. Dinkespiler, J. Lundquist, 0. Martin and M. Pearce, Neutron and 

gamma irradiation studies of packaged VCSEL emitters for the optical read-out of the 
ATLAS electromagnetic calorimeter, Nuclear Instruments and Methods in Physics 
Research Section A 426 (2-3) (1999) pp. 332-338 

[8] M.-L. Andrieux et al., Irradiation Studies of Gb/s Optical Links Developed for the 
Front-end Read-out of the ATLAS Liquid Argon Calorimeter, Nuclear Physics B -- 
Proceedings Supplements 78 (1 -3) (1 999) pp. 7 19-724 

[9] G. Mahout et al., Irradiation studies of multimode optical fibres for use in ATLAS 
front-end links, Nuclear Instruments and Methods in Physics Research Section A 446 
(3) (2000) pp. 426-434 

[ 101 more details can be found in http://www.yamaichi.us/pdf/t&b/ic5 1 -qfp.pdf. 
[ 1 11 Peter Alfke, Application note of Xilink Inc. XAPP 052 (1996). 
[I21 Pong P. Chu, Design Techniques of FPGA Based Random Number Generator, 
Military and Aerospace Applications of Programmable Devices and Technologies 
Conference (1 999). 
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5.6 Parameterization of the Electron Shower in the Calorime- 
ter 
For accurate calorimeter studies a detailed simulation is required, where all particles produced 
i n  t Iw clectronlsgnetic shower are tracked individually down to some minimum energy and 
the response is predicted by 'first principles'. When a large number of Monte Carlo events is 
needed, either for physics analysis and/or feasibility studies, this approach may not be viable. 
Iri fa.ct. A lot of computer time goes to such simulation. The simulation time increases almost 
linesrly with the energy absorbed in the detector. At LHC energies, it may take about one 
houi to fully simulate one event using individual particle tracking. Most of this time is spent 
in the electromagnetic shower simulation. 

H1 and CDF RUN2 experiments successfully experimented with a parameterization of the 
V I ( V  t I o i i l+ywt  i c  (s11l))shower. They speed up the simulation without sacrificing precision needed 
for the physics studies. A set of equations has been derived from the H1 data, that can be used 
to paxanieterize the electromagnetic shower development in different calorimeters [l]. This 
iinplmientation, however, exists in the GEANT3 (GFLASH) framework and had not been 
transfeered to  GEANT4 [2]. 

Elisabetta Barberio is implementing such parameterization within the GEANT4 [2] framework 
for the ATLAS electromagnetic calorimeter (barrel) in general so that the package can be used 
lat,er for other experiments. 

To reproduce an electromagnetic cascade the mean longitudinal and lateral energy-profiles of 
the showers and their fluctuations and correlations need to  be parameterized at the same time1. 
The mean longitudinal profile of a shower is described by a gamma function: 

wliere t. is the shower depth in units of radiation length and E is the shower energy. The 
longit.udina1 position of the shower maximum is T == (a - l)/p. 

As in references [l) and [ 3 ] ,  Barberio used the mean and the sigma of ln(T) and ln(a) to 
patraiiieterize the longitudinal profile, since they are Gaussian variables. They parameterize 
the critical energy of the calorimeter and the direction of the incident particle as a function of 
the shower energy. This is enough for a homogeneous calorimeter (e.g. Crystal calorimeter). 
The inhomogeneous material of a sampling calorimeters influences the shower shapes. Here, 
the shower maximum occurs earlier than in a homogeneous calorimeter with the same effective 
iiiittelial properties. Hence, the parameterization must take into account also the sampling 
frequency and the value of e/MIP averaged over the whole shower. 

For each shower. the variables ai, Ti are calculated: 

'For i~ coriiplete description see 111. 
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where 21, 22 are normally distributed random numbers, p = p(ln T ,  In a) is the correlation 
between 1nT and l n a .  The energy deposited in a longitudinal interval, At = t ,  - t3-1, is then 
calculated as: 

The above procedure accounts for global fluctuations of the longitudinal shower. Sariipliiig 
fluctuations are introduced by varying the energy deposited in each longitudiiiill iiit cIva.1. 
dE(t), according to  a gamma distribution which accounts for the measured resolution of the 
calorimeter:c/ 4 7 .  
The radial dependence of an electro-magnetic shower can be parameterized, in unit of Moliere 
Radius: 

where Rc and RT describe, respectively, the core and the tail of the radial profile, and IJ is tlieir 
relative weight. Radial fluctuations can be reproduced by appropriately tuning of the 11un.il~tr 

of energy spots deposited in the calorimeter along the radial direction [l], as a function of the 
shower energy. Additional correlations between longitudinal and radial profile are taken into 
account by introducing a correlation between the radial probability density function and the 
center of gravity of the shower. The longitudinal profile is tuned using fully simulated electrons. 
For each energy and shower lnT, and lna i  are computed from the fist and second moment. of 
the gamma function (21 and 2 2 ) :  

where E is the shower energy and AE, the total energy deposited in the longitudinal interval 
[ t k  - XO/2, t k  + & / a ] .  The correlation p is derived with a similar procedure for each energy: 

and the energy dependence of its mean value fitted to extract the corresponding coefficients. 
The radial profile is derived by fitting the core and the tail of the radial distribution. once 
the longitudinal parameters are fixed. The number of energy spots is tuned by looking at  the 
Moliere radius distribution. 

Barberio is implementing the above procedure in GEANT4. GEANT4 provides facilities to im- 
plement a fast simulation: when a given particle enter a volume it is possible to skip the detailed 
tracking and apply the parameterization of the detector response developed by the user. To 
activate a parameterization the user must provide the following information: the volume where 
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the parameterization should be applied, the particle type and the dynamic conditions (energy, 
position, charge et.) and the parameterization model. The parameterization is considered as a 
physics process by GEANT4. 

Barberio’s implementation takes care of leakage, as it allows the user t o  chose the detector 
region and the energy range to parameterize. In fact, if an electron (positron) is not fully 
c:oiit,ainecl. GEANT4 will track it until a fully contained electron (positron) is produced in the 
shower. Then this particle is parameterized. An electron is considered fully contained if 95% of 
its energy is deposited in the calorimeter. The longitudinal and radial dimension of the shower 
are calculated using the above equations. Since particle are tracked one by one, it is easy to 
handle electrons (positron) that shower before entering in the calorimeters. Each particle in the 
shower is tracked by GEANT4 until it reaches the volume where the parameterization can be 
applied. Each of the electron (positron) is parameterized if it satisfies the requirements. Only 
elect,rons/positrons are parameterized. Photons are tracked by GEANT4 until first conversion, 
t,hen the electron and the positron are parameterized. A similar procedure is employed for 
;yo. Lllieri t.lw parameterization is on, the user has to take care of the stepping of the particle 
t.lirougli the detector and of the hits deposition. Barberio implemented user classes in GEANT4, 
which will enable the users to develop their own parameterization and provide the stepping of 
the particle through the detector and the hits deposition. 

Bitrberio successfully achieved the integration of a fast shower parameterization in the GEANT4 
framework. What she developed in the context of GEANT4 provides a suitable framework to 
develop a fast parameterization, which is flexible and easy to  customize This framework has 
some clear advantages. It is linked to GEANT4 classes that are compatible with the global 
evolution of the main program; it is simple to use/customize; and it allows the choice of the 
particle and the conditions to apply the parameterization. 

Barberio also developed a simple electromagnetic calorimeter model to test the first implemer-- 
tation of the fast shower parameterization in GEANT4. She implemented in GEANT4 a liquid 
argon-lead sandwich calorimeter, with characteristics close to  the ATLAS electromagnetic bar- 
rel calorimeter: radiation length of XO = 1.90cm, Moliere Radius of RM = 4.lcm, and a similar 
sampling fraction. She tuned the shower profile for such a calorimeter and compared the results 
with the standard GEANT4 simulation. The results can be seen in Figure 1 for the longitudinal 
and radial profile (red points are fully simulated events, blue points are parameterized events). 
The full GEANT4 tracking agrees very well with the parameterization. 

To parameterize the ATLAS electromagnetic barrel liquid argon calorimeter she is using a stand 
aloiie Moiite Carlo program developed for the test beam studies. This program describes exper- 
inlentid data very well and implements the geometry of one module of the barrel calorimeter. 

The ATLAS electromagnetic calorimeter has a ‘accordion’ geometry. For the proper sampling 
fi  ecluency the parameterization reproduces the longitudinal and the radial shapes of electro- 
magnetic showers over a wide range of energies (1-100 GeV). In Figure 2 the longitudinal and 
radial profiles are compared for the full Monte Carlo simulation (histogram) with the param- 
eterization(b1ue line) for 1 GeV electron. The sampling frequency, e/MIP and the angular 
dependence of the parameterization have been calculated to take into account all the different 
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Figure 1: Longitudinal profile and its comparison with standard GEANT4 simulation. 

materials and the accordion geometry. The gain in speed with respect to the stmdard tmcking 
is energy dependent. It is between a factor 10 (1 GeV) and 500 (1 TeV) for electron/photon/d’. 
The parameterization structure is flexible enough to accommodate different running/activatiori 
options and its modular structure allows to change in an easy way the algorithms used t,o 
describe the shower shapes. For this reason, the people working on the hadron calorinieter 
and on jet physics are going to test this parameterization for the electromagnetic component 
of the hadronic shower in the electromagnetic and hadron calorimeters. The hadronic part is 
very difficult to parameterize as the fluctuation in hadronic showers are quite large and not, 
reproducible. Furthermore, since most of the cross sections for hadronic process are parameter- 
ization, the gain in compute speed is limited. This and the loss in physics performances make 
the parameterization of the full hadronic shower not very appealing. 

5.7 Lepton Number Violation Studies 
Barberio started a new physics simulation study. She is looking at lepton number violation in T 

decays, where the T originates from a Z decay. She is using the new software system ATHENA, 
which runs various Monte Carlo generators and can simulate the ATLAS detector. To study 
the physics background, she implemented in ATHENA a Monte Carlo program to geiierat,e 
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Figure 2: The comparison between full simulation and parameterization for longitudinal and 
mdial profiles of 1 GeV electron. 

bremsstrahlung photons from all charged particles in the event (PHOTOS) 

Results indicate that the even though the Z constraint leads to  a better sensitivity for lepton 
niimber violation than what has been obtained in the W channel, the result would not be 
coiiipetitive with B-factories limits. An ATLAS physics note is in preparation. 

5.8 e-r Separation with Liquid Argon Calorimeter Barrel 
Module P15 Testbeam Data 
Liarig LI I .  RvszaId Stmvnowski and Yongsheng Gao studied the response of the electromagnetic 
I,aml rnodule P15 to the electrons and pions using the H8 beam test data. Elisabetta Bar- 
herio helped with the organization of the data taking. The study showed a superb separation 
Laphility of the detector allowing for 90% electron identification efficiency with (0.02 - O . l ) %  
pion fake rates. 

Test beam data for the electromagnetic barrel module P15 were obtained during the test beam 
run in June and July 2002. The H8 beam line in the CERN North Area provided the electron 
and pion beams at the momenta of 20,40, 100, 120, 150 and 180 GeV/c. The beam impinged on 
t,he calorinieter at  fixed incident angle and position corresponding to 7 = 11 and 4 = 40. There 
were two pressure gas Cherenkov counters located in the beam line filled with Helium gas. They 
can provide electron-pion separation for beam momenta up to  about 50 GeV/c. The data were 
collect.ed during the two days period in June 2002 and correspond to runs range from 217565 
to 217635. Table 1 summarizes all the data for this study. The standard single beam particle 
trigger and standard data acquisition system was used in data collection. In Physics run, the 
data are collected in an asynchronous mode i.e., beam particles arrive at random times during 

41 



the accelerator spill but the calorimeter signals are sampled at. a fixed freqiimc!, g ( A n t \ l i \  t rvl  1 ) ~ .  
the 40.08 MHz clock. Typically, in each run, about 10% of the events were triggered randornly. 

150 
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180 

180 
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217604,2 17605 IT 49482 
2 17593,2 17594 e 83001 
2 17595,2 17596 
2 17569,2 17570 IT 107584 
2 17571,2 17572 
2 17573,217580 

217602 

Using the EMTB software with the correct Optimal Filtering (OF) coefficients, energy deposited 
in each cell are calculated. Using the Sliding Window method, the clusters are found and then 
the energy deposited in each cell are calculated. We use the data processing program EMTB 
in which the calorimeter signal is reconstructed using the optimal filtering method For each 
calorimeter readout channel the pedestals are evaluated from the dedicated calibration run 
217578 with 2,000 events collected at high and medium gains. For each cell, the optirnd 
filtering coefficients a; and bi are calculated using the delay run data. The Ece1l is the energy 
deposit in one cell and the T is the time delay with DAQ. 

The calorimeter is built in a projective geometry. The angular acceptance of each cell varies 
among the calorimeter layers as listed in Table 2. 
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Table 2: Angular acceptance of cells in the barrel calorimeter. 

A “sliding window” method is used to find the position of a certain size cluster of cells with 
t lie III~L.Y~IIIUITI energy deposit in a given layer. In most of the cases, the energy deposited by an 
electiuiiidgiietic: shower is distributed over several cells in each layer. We select a cluster of cells 
that, contains most of the electromagnetic shower using a card input for the EMTB program 
to the specify the cell size. The electron energy is reconstructed by summing the calibrated 
energies deposited in the presampler and in the three calorimeter compartments. The cluster 
size is expressed in number of cells in q and 4. In the middle colnpartment (Layer 2), the 
energies of 3x3 cells, centered around the cell with the largest energy deposit, are summed. 
111 the back compartment (Layer 3) 2x3 cells, in the front compartment (Layer 1) 24x1 cells 
and in the Presampler 3x1 cells are summed to  cover at least the same area as in the middle 
sectaim. A “sliding window” method is used to find the position of a 3x3 cluster of cells with 
tlie Iiiaximuni energy deposit in a given layer. Previous studies indicate that the 3x3 cells 
window is enough to contain about 90% of the total energy deposited in the calorimeter [4J. 
In  each compartment, the cluster position is calculated as the energy weighted barycentre. 
Figure 3 shows the energies in Layer 1, 2, 3 for 40GeV electron and 7r. To correct for the energy 
loss upstream of the calorimeter, mainly due to the cryostat walls, the energy deposited in 
the presampler is weighted by a factor Q when calculating the total energy deposit (EclutseT). 
Longitudinal energy leakage induces a deterioration of the energy resolution, therefore a weight 
;j is also applied to the energy deposited in the back compartment: 

The basic information for one event is the energy deposited in each cell, energy deposited in 
ea.cli layers and the total energy deposit. Additional information from shower profiles may also 
be useful to further separate showers from e and 7r. So, we look into a set of variables which 
indicate the number of hit cells for each layer. The number of hits for each layer depends on 
t.he noise level of each cell, only the energy deposited in the cell is much larger than the noise 
level, we can say this cell is hit. We find all the cells in a certain layer all have very similar 
noiw level The noise levels of typical cells of each layer are shown in The noise levels of each 
cells for all layers and the definition of a “hit” cell are shown below in Table 3. 

The number of hits for electrons and pions with different energies are shown in Figure 4. From 
these plots we can see that the number of hits from e and 7r are quite different and they 
may provide additional discrimination power in separating electrons and pions. To check the 
correlation between the number of hits of a layer and the relative energy deposit in that layer, 
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Figure 3: The energy deposit in Layer 1, 2, 3 for 40GeV electron and pion samples. 

we make 2d plots of number of hits vs the relative energy deposit in that layer for e, r samples. 
The energy profile and the number of hits for each layer of the 20, 40GeV electron and pion 
samples are shown in Figure 5 and Figure 6. These figures indicate there are some but no 
strong correlation between the number of hits of a layer with the relative energy deposit, in that. 
layer. Therefore, the number of hits will provide important additional discrimination power in 
separating electrons and pions. 

In order to understand better how useful these information is in separating electrons and pions, 
We try to break down the e-pion separation due to  various set of information. 

1. Using profile only, which include the energy ratios. 
2. Using profile and number of hits. 
3. Using profile, number of hits and total energy deposit 

We use very straight forward “Simple Cut” method to study the e-7r separation with the above 
variables. We also use more complicated Neural Network (NN) method and present the results 
for comparison. For the NN method, we use the package of Multi-Layer Perceptron (MLP) to 
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Table 3: The noise level of each layer and the definition of a “hit” cell. 

Calorimeter layer 
Presampler 

Layer 1 
Layer 2 
Laver 3 

Noise Level( GeV) Requirement for a “hit” cell (GeV) 
0.044 0.220 (50) 
0.012 0.06 (50) 
0.032 0.128 (40) 
0.021 0.105 (50) 

Figure 4: The number of hits for electrons and pions with 20 and 40GeV samples 

mrist,ruct, our neural network. We use Broyden-Fletcher-Goldfarb-Shanno (BFGS) method as 
training process and after selected proper number of hidden neurons, the output of our NN are 
verv stable. We also double check the error of output of the neural network, to make sure there 
is no over training in our process. 

For 20 and 40GeV electron data. All events whose Cherenkov ADC counts above 400 will be 
taken as electron. For the 20 GeV data, the purity of selected electron sample is above 99.96%. 
For 40GeV, the purity of electron is above 99.90%. For the pion, since the beam line can 
provide pure pion beam, we assume that after the basic trigger requirements, we can get pure 
pions events for all energies. Since the Cherenkov detector can’t separate electrons with pions 
when the rnomenta of the beam are above 80GeV, we only have the useful Cherenkov detector 
iiifoiriiation at 20 arid 40GeV. For higher energy, we cut on the EclUster to select electrons. 
Using Eduster certainly will introduce bias for our e-n separation, we use both Cherenkov and 
cut Ecluster to obtain electron samples at 20GeV and 40GeV to study the bias introduced by cut 
on Ecllrster. Our study shows this bias is small. This bias is then taken as part of the systematic 
error. 
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Figure 5: The energy profile and the number of hits for Presampler 
40GeV electron and pion samples. 
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and layer 1 of the 20, 

Table 4 shows the pion fake rates with the electron efficiency of 90%. The results are categorized 
into 3 group, the result using profile only, the result using the profile plus number of hits a. i i t l  

the result of using the profile plus number of hits and Ecluster. 

Table 4: T fake rate table for all energies. 

In summary, we studied electron identification and e - 7r separation using the 2002 testbeam 
data taking of Module P15. Beside the energy profile, we also looked into the niimher of hit  cplls 
of each layer. We find this information provides important additional power in e-pi separation 
at all energies from 20 to 180GeV. We used both simple cut method and N N  riiethods for 
e-7r separation and find that NN method provides significant improvements comparing with 
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Figure 6: The energy profile and the number of hits for layer 2 and 3 of the 20, 40GeV electron 
il.11~1 pion samples. 

simple cut method. For 20-180 GeV at electron efficiency 90%, the fake rates in the range 
of 0.9%,0.03% (Cuts result). For 20-180 GeV at electron efficiency of 90%, the fake rates in 
range of 0.2% - 0.01% (NN result). The detailed analysis and results are written as an ATLAS 
Phvsics Note [5 ]  

5.9 ATLAS 
Farm 

Physics, Data Challenges and the SMU MC 

The Monte Carlo farm described in Table 5 was set up in March of 2002. It was initially intended 
for CLEO Monte Carlo production. CLEO codes have been standardized on Sun/SPARC com- 
puters running the Solaris operating system. Because of the large installed base from the CLEO 
I1 era. Compaq/Alpha processors running the n u 6 4  operating system are also supported at 
Cornell Laboratory of Nuclear Studies (LNS) and CLEO. Since neither of these systems pro- 
vidcs the best available price/performance, and for compatibility with other HEP experiments, 
LYS and CLEO planned to adopt Intel/Linux and migrate from Sun to Intel/Linux by 2002 [6]. 
Due to lack of manpower and previous investments in Sun computers, LNS decided not to mi- 
grate from Sun to Intel/Linux in the near future. Instead, Sun computers were purchased for 
data processing and Monte Carlo generation at LNS. We have installed ATLAS software and 
use this Monte Carlo farm for the ATLAS related studies. 

5.9.1 MC Farm with e-7r Separation using Testbeam Data 
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Table 5:  Description of the SMU Monte Carlo P C  farm. 

SMU Computing Farm 
Compute Nodes: 
CPU 
Memory 
Disk 
os 
Number of Processors 
Misc Utilities: 
Rackmount Switch 
Rackmount Cabinet 
KVM Switch 
Monitor 

I UPS 

Description 

1.26 GHz PI11 
1024MB 
181GB SCSI or 100GB IDE 
Linux 
12  

24 port 

16 port 
PF790 19” 
TRIPP-LITE Smartpro 3000R.M2U 

In the summer of 2002, Lu, Gao and Ryan started to use the SMU Monte Carlo farm to gen- 
erate simulation events for ATLAS. Lu has installed all the existing ATLAS software packages 
(ATHENA, ATLFAST, ATLSIM, CERNLIB, CMT, DICE, PYTHIA and ROOT etc) 011 the 
master server of the farm and successfully generated simulation events by September of 2002. 
The SMU Monte Carlo farm was used to generate about 400K simulation events of electrons 
and pions at the same energies as the test beam to compare the differences of current simulation 
with test beam data. The electron identification and e - ~TT separation work using testheam 
data has been completed. The results were presented at the ATLAS LArg general nieetirig 111 

June, 2003 and also as an ATLAS internal note [7, 51. More details of this work is described in 
the earlier section of this report. 

5.9.2 ATLAS Data Challenges through US ATLAS Grid 
Testbed 
ATLAS computing plans a series of Data Challenges (DC) to validate its Computing hlodel. 
software and data model to ensure the correctness of full data analysis stream. Ryan.  Lu c ~ i i t l  

Gao have been using the SMU Monte Carlo farm in the ATLAS DCs. By Oct.obei of 200’2. wc’ 
have successfully passed site validation by generating the standard set of events at SMU that 
is identical to the CERN “standard output”. 

The preferred production mode of ATLAS data challenges in the US is under the US ATLAS 
Grid Testbed. By December of 2002, we installed all the US ATLAS Grid software (Clubub 
2.0, VDT 1.1.5, iVDGL packages Worldgrid etc) and ATLAS packages. In early 2003. SMU 
successfully became the 3rd production site for US ATLAS DC1 phase 2 among all the 11 US 
ATLAS Grid Testbed sites. Since then, SMU farm has been used to run ATLSIM production 
on the US ATLAS Grid Testbed. So far,  108 SUSY partitions were generated using the ShIU 

48 



hlC fami. Each partition took about 24 hours of CPU and generated about 400MB of disk 
files. Another 423 partitions of Higgs simulations were also generated. Each partition took 
about 8 hours of CPU and generated about 200MB of disk files. Most of the production was 
done iri 2 - 3 week periods, each time. Everything was done through the grid - status queries, 
job submissions, data movement etc. In the long run, the SMU farm is expected to be used 
more frequently by the US ATLAS Grid Testbed [8]. 

5.9.3 Work Plan for ATLAS Physics Preparation and Data 
Challenges 
During the coming year. we will continue with the ATLAS Data Challenges. The near term 
loc.~k is ATLAS DC2. The scale of DC2 is roughly a factor 10 larger than DC1. The main goal 
of DC2 is to test the full chain of new software and perform large scale physics analysis using 
G r i d  tools. GEANT4 simulation will play a major role and the generated physics samples will 
h ~ v e  new physics “mixed” in them to test realistically the physics analysis capability. 

Liang Lu is working on a searching for Higgs decay H --+ yy with full simulation. We will use 
our group’s experience with Liquid Argon Calorimeter testbeam data  to improve the analysis 
st,rat.eg?; and technics. We will also use this topic to  test the full chain of software and to 
perforni large scale physics analysis with full simulation events. 

In the long term, we plan to  work on the quality control of US ATLAS Grid Testbed production. 
Wit.h the larger and larger scale of CPU and other resources involved in the Grid Testbed effort, 
quality control becomes a key issue to make sure of the effective use of the huge CPU resources. 
Quality control is essential to prevent unnecessary waste of the CPU resources. Once the 
software is ready for US Grid Testbed sites, we propose to  submit test jobs to various US 
ATLAS Grid Testbed sites and monitor their outputs t o  make sure everything is correct before 
the mass production starts. The quality controls we are proposing are also intended as an 
independent check of the physics, Monte Carlo models, software and reconstruction aspects of 
the full chain. A new postdoctoral fellow will focus on the ATLAS DCs and US ATLAS Grid 
Testhed work. allowing for easy transfer of the analysis of the first ATLAS data in 2007. 

The small size of the SMU Monte Carlo farm is the main limiting factor that prevents us from 
nnaking larger contributions to ATLAS DC production and US ATLAS Grid Testbed. We plan 
t.o submit, a separate proposal to expand the existing farm to accommodate our expanded efforts 
in ATLAS physics and allow for higher efficiency for test, storage and analysis the outputs of 
all the test jobs running on all the US ATLAS Grid Testbed sites, before the mass production 
st&rts. 
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5.10 R&D on Future Fast Optical Data Links 

Over the past several years the SMU High Energy Physics group has developed the 
capability to design and construct components used for optical data transmission. The 
links developed for the ATLAS liquid argon calorimeter are designed to operate at 1.6 
Gb/s in a high radiation environment. Motivated by the upgrade of the LHC luminosity 
planned for 20 IO,  the SMU group is conducting an R&D program to develop even higher 
speed data links that can operate in the 10-50 Gb/s range. This study is done in 
conjunction with the ATLAS R&D program for the upgrade of the LHC luminosity. At 
the upgraded LHC, the currently constructed electronics will not survive the expected 
order of magnitude increase in the radiation level. In such harsh radiation environment it 
will become necessary to reduce the number of components located on the detector since 
they use costly and difficult to handle radiation hard chip technologies. A simple solution 
is to move most of the signal processing e.g., pipe-line, triggering system, and others, 
away from the radiation area. Such a drastic change in the readout electronics architecture 
will require an increase of the signal transmission rate by two to three orders of 
magnitude over that used in the present design. 

Our electronics laboratory is well equipped to handle opto-electronics components 
working at speeds of about 1.6 Gb/s. We recently got the support from NSF Major 
Research Instrumentation grant that enables us to acquire equipment to study the 
characteristics and performance of components working at much higher speeds. This 
R&D program is an on-going project with help from the Electrical Engineering at SMU 
and a local industrial company Photodigm, Inc. that is developing fast solid state lasers. 

Work plan 

We will evaluate the performance of the fast electronics chips and of the laser drivers 
using the manufacturer’s evaluation boards. With a high-speed signal generator more 
detailed studies of a particular link system will be carried out. The system’s 
characteristics will be studied using the oscilloscope and a spectrum analyzer. There are 
two typical measurements that are very important to characterize an optical link: the eye 
diagram and the bit error rate. We use a fast sampling oscilloscope with an optical input 
module and a clock recovery unit to measure the eye diagram. We have designed and 
built our own bit error testers that work in the 1-2 Gb/s range and we are confident that 
we can design a similar system capable of working at higher speeds. Our component 
evaluation procedure will start with a study of performance characteristics and 
limitations. We then plan to build prototype links and to test their electrical and optical 
characteristics in the lab environment. Eventually, we will evaluate the link’s behavior 
under radiation. We will perform on-line measurements as well as pre- and post- 
irradiation measurements to quantify the radiation tolerance of the whole system. 

In order to measure the bit error rate during irradiation tests, we will also develop a 
portable pattern generator. Pattern generators are usually incorporated in the same FPGA 
chip that does the error bit detection. FPGA chips are known to be noise sources on a 
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printed circuit board (PCB). The mixture of small analog and fast digital signals on the 
same board leads to serious design constraints of the electronics boards. With the help of 
a frequency analyzer and our mixed signal experience gained in the 12-bit ADC testing 
project, we are confident that we will be able to design and build such mixed signal 
boards. 

Technical detail 

A typical optical link design is driven by the need to multiplex and serialize data for the 
transmission and to de-serialize and de-multiplex them at the receiving end. The 
serializer and deserializer chips work as a pair to perform the task of multiplexing the 
parallel streams of incoming data down to a single, serial data stream. These chips often 
provide additional functions of framing, Le., providing external begin- and end-of-record 
signals as well as a parity check and other quality control flags. For a multi-link system 
an additional important aspect is the inclusion of the clock information within the 
transmitted data stream. Serial data are scrambled and DC balanced before the transfer to 
the electrical-to-optical (E/O) converters. The de-serializer performs the task of de- 
multiplexing the serial data back to the parallel format, of recovering the clock 
information from the data stream and to synchronize the parallel output with the 
recovered clock. A typical electro-optical module consists of a driver chip that drives a 
laser diode, either a VCSEL (850 nm) or an Edge Emitter (1310 or 1500 nm), to convert 
the electrical signal into the modulation of the optical signal. At the receiving end, the 
optical to electrical (O/E) converter module consists of a PIN diode with a trans- 
impedance amplifier and a limiting amplifier. The optical fiber carries the modulated 
optical signals and, for HEP experiments, is required to be radiation resistant. 

The speed of the data links is limited, in general, by the speed of its electronics 
components: serializers, multiplexers, logic components, optical transmitters, and 
receivers, etc. In addition, the speed and transmission range are also limited by the signal 
dispersion in the optical fibers. The signal dispersion is due to the fluctuation of the rise 
and fall times of the electrical signals and due to the material dispersion (variation of the 
index of refraction) in the fibers. To reduce the signal dispersion in the fibers, the 
Telecom industry developed Edge Emitting lasers operating at wavelengths of 13 10 nm 
and 1500 nm where the material dispersion is at a minimum. Such lasers are expensive, 
up to a $1,000 per unit. HEP experiments commonly use inexpensive VCSELs (typical 
price -$20/per unit) that operate at shorter wavelengths of about 850 nm where material 
dispersion in the fiber is significant. At 1 Gb/s data rate the transmission range is about 
1000 meters, while at 5 Gb/s data rate this range is already down to 200 meters. It 
becomes, therefore, necessary to evaluate alternative opto-electronics devices and 
components that are both inexpensive and can operate at much higher speeds and at the 
minimum signal dispersion wavelengths. Such components (serializers, deserializers, 
drivers, PINS and amplifiers), operating at speeds of 10 to 20 Gb/s are becoming 
available and devices capable of operating at 40 Gb/s will become available within a year 
or two. Long wavelength VCSELs or Edge Emitter Lasers with vertical light output are 
in their final production testing stages. Honeywell Inc. recently announced a preliminary 
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version of a long wavelength VCSELs; Photodigm Inc employs vertical out-coupling 
technologies with Edge Emitters to produce low cost Edge Emitter lasers. 

~~~~ ~~ 

Part Number 
M272 I8 
BCM8020 
TLK3 I04SC 
DS25C400 
vc IO03 

Recently, the Optical Internetworking Forum (OIF) announced its approval of the 
Serializer-Deserializer (SerDes) Framer Interface Level 5 (SFI-5) Implementation 
Agreement (IA). SFI-5 IA is the industrial standard for future 40 Gb/s optical network 
applications. A cursory web survey in December 2002 shows that the commercial, single 
channel optical link components (SerDes, El0 and O/E modules) now reach 10 to 12 
Gb/s. Multi-lane chips reach 40 to 50 Gb/s using mostly the 8-lane (channel) groups. The 
industrial trend is  to move to 40 Gb/s single channel application. Two chip manufacturing 
technologies dominate: CMOS and GaAs. The radiation hardness of CMOS technology 
depends on the details of the circuitry while the GaAs technology is considered to be 
intrinsically radiation resistant. Here is the survey result: MAX3952/53 from Maxim and 
VSC8184/85 from Vitesse are 16:l SerDes from 10 to 12 Gb/s. VSC8184/85 are GaAs 
based and are expected to be radiation tolerant. There are at least five companies that 
have multi-lane SerDes based on 2.5 to 3.2 Gb/s technologies. The parallel input to each 
channel is usually a 4-bit data bus at 600 to 700 Mb/s. They are listed in the following 
table: 

Company Chip Technology Speed (Gb/s) 
Mindspeed [ 1 13 CMOS 8x2.5 = 20 
Broadcom [ 121 CMOS (0.13 pm) 8x3.2 = 25.6 
Texas Instruments [ I31 CMOS 8x2.5 = 20 
National Semiconductors [14] 8x2.5 = 20 
Velio [ 151 CMOS (0.18 pm) 8~3 .125  = 25 

The development of the E/O and O/E modules lags slightly behind the SerDes. We found 
three single channel laser driver chips, VSC7989, VSC7991 and MAX3932 that work at 
10.7 Gb/s. These driver chips come in die version with dimensions approximately 50 mil 
x 80 mil. VSC7989 and VSC7991 also come in the GWFP package. There are quite a 
few trans-impedance and limiting amplifiers that work above 10 Gb/s. We found only 
one company that produces laser drivers based on 12 x 3.6 Gb/s (PX5419) or 4 x 10.5 
Gb/s (PX6414) arrays to work above 40 Gb/s total data rate. 
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5.11 Management 

Richard Stroynowski was on a research leave from teaching during Fall 200 I ,  Spring 
2002 and Spring 2003 and worked on all aspects of the management of the US ATLAS 
Liquid Argon subsystem. The major task of the past year was to establish the installation 
tasks, sequence, cost and schedule in cooperation with the non-US collaborators and to 
prepare the Maintenance and Operations plan for the Liquid Argon subsystem. The plan 
became part of the overall ATLAS Research Project. Solving the daily crises of 
technical, financial and personal nature, preparations of various proposals and reviews 
continue to be the main thrust of this work. A copy of transparencies from one of the 
numerous reviews is appended to this proposal. 
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6. Overview of CLEO Research Program 

-Resonance on-resonance ofI-resonance scan 
Y (1s) 1226 pb-I 194 pb-' 99 pb-' 

503 pb-l 257 pb-' 83 pb-' 
1540 pb-I 155 pb-' 100 pb-' 

Y(2S) 
Y (3s) 

The experimental runs in the CLEO I1 (ended in 1995) and 1I.V (ended in 1999) configurations 
have collected a total of 13.5 fb-' (9.1 fb-I on the 'T(4S) and 4.4 fb-' just below the B B  
threshold) of data. The experimental run near the Y(4S) with the CLEO I11 configuration 
ended in June, 2001 with 9.2 fb-I (6.9 fb-' on the T(4S) and 2.3 fb-' continuum) of data. 
Since November, 2001, CLEO has been taking data on the T(1S) to "(3s) resonances. The 
integrated luminosity is summarized in Table 1. The CLEO-c detector, which is basically the 
CLEO I11 detector, will be used to take data at the charm threshold. The CLEO-c data taking 
will start in the fall of 2003. 

Table 1: Summary of integrated luminosity collected during resonance data taking het,wwn 
Nov. 2001 and Sep. 2002 

The goal of CLEO is to study the properties of heavy quarks and of the tau lepton. CLEO 
collaboration remains to be very productive, with over 90 published papers in Phys. Rev. D 
and Phys. Rev. Lett. since the beginning of 2000. These papers cover diverse physics topics 
in b, c decays, T lepton, charm baryon, T, charmonia resonances etc. 

The SMU g o u p  has been focused on rare decays of B and charm, and tau lepton physics that 
are important for CP violation studies or sensitive for new physics beyond the Standard Model. 
The SMU CLEO physics results since July, 2000 include 6 CLEO published papers, one on the 
first observation of B --t D°K*-, D+K*-, D*'K*- and D+K*- by Liu, Gao and Strovnowski. 
one on searching for B -+ Z+Z-K(*) by Gao, one on the first search for Flavor-Changing-Keutrctl- 
Current (FCNC) decay of Do --+ yy by Gao, two on C P  violations in tau decays by Maravin 
and Stroynowski, and one on 7 to 3 hadron decays with CLEO 111 by Liu, Stroynowski and 
Gao. In addition, one other paper on Wess-Zumino Anomaly and structures in T --+ KKnu  
decay by Liu, Stroynowski and Gao has been completed and is in the approval process b,y the 
CLEO collaboration for publication. 

6.1 CLEO Service Work by the SMU Group 
During the current grant period, i.e., since July 2000, SMU postdoc Feng Liu, Tomasz Wlodek 
and graduate students Ilia Narsky were residents at Cornell. They contributed to the main- 
tenance and operation of the CLEO detector, shifts, data processing etc. Wlodek left in 2001 
and Narsky graduated in 2002. 
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6.1.1 Constants for Data Processing 
Calibration constants, reflecting the structure of the detector and the status of each sub-detector 
when running-, are very important for event reconstruction. Liu worked on processing the offline 
data (miniPass2) to create the offline constants for the sub-detectors, DR chamber, Calorimeter, 
and to check the status of the data processing. He has been responsible for Passl, miniPass2 
coustants aiid is in charge of preparing the constants for the final data processing in Pass2. 
He is also responsible for the online to offline data transfer during data taking, processing the 
oi l l i i10 clitta (Passl) to classify the events, reporting the luminosity and monitoring the status of 
each sub-detector. Among different versions of the various constants for Alignment, Geometry, 
CESR parameters, DAQ, dEdx, FieldMap, MagFudge, Offline, RunByRun (RICH) and SVX, 
Feng Liu has been in charge of checking these constants to make sure they are correct, and 
freezing the constants for PASS2 (data processing). 

6.1.2 CLEO I11 Tracking Systematic Study 
Liii a . i i t l  Gao stuclicd tracking systematic errors with CLEO 111. Absolute tracking efficiency 
impacts every physics analysis. Backing efficiency systematic was studied only with CLEO 
I1 [l, 2, 31. With new silicon, drift chamber and Ring Imaging CHerenkov (RICH) subdetectors 
at. CLEO 111, the tracking systematics needs to be studied again. 

Liu and Gao used T pair events with leptons I* vs. 3-prong topology with high momentum 
(2  250 MeV) tracks in the barrel for the tracking systematic study. The idea is to tag tau via 
its leptonic decay and to study the other tau hadronic decay and compare data with Monte 
Chrlo [l]. Specifically, for tau events with the topology I* - 3r7X0, where X o  stands for 
iiriohserved neutrals. we select 3 out of the 4 tracks, and compare the data with MC for the 
4th track to find the difference. The 4th track is uniquely defined as one of the following two 
tvpes: 

0 Fox T -  -+ u;v, decay (dominant 7 3-body decay), where a, + P O T - ,  selecting the po 
candidate uniquely define the 4th track T- ( referred to  as I*po selection). 

0 For events with I * ~ r r r ,  the track with the same charge as lepton I* on the three-prong 
side is uniquely defined (referred to as I * T ~ T ~  selection). 

The advantage of this method is that it doubles the statistics using the very same events. 

Liu and Gao performed the CLEO I11 tracking systematic study using 1.63 fb-' data sample 
and 5.8 million (3.83Ctntegrated) generic tau MC events. Figure 1 shows the comparison of the 
iiioiiieiit,urii. cos 8 arid iriipact, parameters dO and z0, RICH information x: - xi under pion 
and kaon hypotheses and the number of Cherenkov photon N,  used for particle identification 
of the 4th track after event selection. Generally, MC agrees well with the data, except for dO 
distribution since a track was reconstructed with respect to the origin (O,O,O), instead of wrt 
to  the beamspot which is not available yet at CLEO 111. Figure 2 shows the difference in the 
ahsolute tracking efficiency A4 = eqdatO/eYC - 1, for finding a 4th track in an event between the 
data and MC after various track criteria imposed using the established t p  and t*nrnr samples. 
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It can be seen from Figure 2 that the tracking systematics is insensitive to the kinematics cuts 
and the polar angle cuts within 1 cos01 < 0.9. With reasonable cuts, data are more efficient 
[(0.23 f 0.33)%] than MC for the t p  sample, while data are less efficient [( -0.40 f 0.25)%] than 
MC for the lmr sample. The reason can be found from the momentum spectra of the 4th, track 
in Figure 1. The weighted average tracking efficiency systematics is (-0.17 f 0.20)%. 

0 IW 
O M 0  

+data 

0020 

om 
0 2 5  5 000  0 5 0  too  

~1 om 

O m  

y (4lh I&) 

. .._ 
0 2 5  5 

p (41h Uxk)  Cos (4vI track) 

020 0 3 0 ~ ~  ~~~~ 

0 IO 

-2 ---. 
ow - O w 0  
-0 005 OOOO 0005 -0050 O w 0  0 050 

do (4th track) 20 (4th Lrack) 

N: (4th back) 

Figure 1: Variables for the 4th track in the Cpo sample (left) and in the C*++ sample. 

The work was summarized in CLEO note in CBX 02-13 [4] and these results were used hv a11 
CLEO I11 analyses since summer of 2002. 

6.1.3 CLEO I11 Particle Identification (PID) Efficiencies 
Liu studied the particle identification systematic errors at CLEO 111. Particle identification 
is important for most physios analyses. In CLEO I1 and 1I.V configuration, the measure- 
ments of the ionization energy loss rate dE/dz along the particle trajectory together with the 
measurement of momentum in the drift chamber allow for a good particle identification. How- 
ever, in the momentum range (1 < p < 2 GeV/c), the dE/dz particle separation capability 
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-3 -2 -1 0 1 
A a ? - P - l . O  (76) 

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 
A = ~ - k ~ - l . o  (76) 

Figure 2: A4 = E ? / E ~ ~  - 1 for finding a 4th track in the Lp (left) and L*TFTF samples (right) 
using various track quality cuts. 

becomes marginal. At CLEO 111, the RICH detector was designed to provide good particle 
identification for hacks with momenta p > 1 GeV/c. At CLEO 111, the standard deviation 
of the measured dE/dz from the expected one under certain particle hypothesis is given as 
0, = ~dE~drc)Tneu'-(dE~dz)ezp, i = e, p, T ,  K ,  p .  Here, o & / ~  is the corresponding dE/dx resolu- 

tion, and 
4 E / d t  

gives the probability of a track identified as particle of the type i. 

A log likelihood variable derived from track momentum, the number of Cherenkov photons 
detected by RICH and from the average of Cherenkov angle under certain particle hypothesis, 
is used for the particle discrimination. Unfortunately, its absolute values is meaningless and 
onlv the y2 difference between two hypotheses is meaningful. In addition, some minimum 
number of photons is required. At present, three methods are exploited to  provide particle 
identification at CLEO 111. 

0 RICH only: Only RICH information, AL = x& - x: and N;iK, is used; 

0 Combined log likelihood (LL): simply combine RICH and dE/dx together, using AL = 
xk - x: + O: - O$ and NTpK; 

0 Neural Net: A complicated method to combine RICH and dE/dx based on JETNET [5]. 
The training of neural net was done by Kamal [6]. One needs to feed the network with 
C T ~ , K ,  momentum, AL = x& - x: and N;*K, and a function returns a probability-like 
output which is used to-identify pion or kaon. 

Based on 1.63 fb-' data and the Monte Carlo samples of 19,066,954 generic continuum events 
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and 6,385,247 generic B B  events, corresponding to 6.36 fb-' and 6.04 fb-' respectively, Liu 
studied particle identification efficiencies using the above 3 methods, and the momentum de- 
pendent PID efficiency systematics. 

In order to select pure r / K  samples, we take advantage of decay chain D*+ -+ Don:, where 
Do += K-T+. We require the events to have at least 3 tracks in the barrel passing the track 
quality requirements. The hadron candidate is required not to be identified as a lepton. The 
mass difference A m  = Mp+ - MDO is required to be within 1.6 MeV of its nominal value. We 
further require a Do candidate to have a mass within 3a (a - 6.5 MeV) of the D" noniirial 
mass, the sidebands with (-7.0, - 4 . 0 ) ~  and (4.0,7.0)0 away from the Do nominal Inass were 
used to  subtract the backgrounds. The cuts for 3 methods are listed below: 

o RICH only: for T, NY > 3, AL = xk - x: > 0.; for K ,  N," > 3, AL < 0; 7r fake as IC.  
AL < 0 and N," > 3, K fake as r,  AL > 0 and NT > 3 

2 2  2 o Combined log likelihood (LL): the same N, and AL = x$ - xr + aK - or cuts apply. 
dE/da: d s  are shifted to be centered at 0.0 and scaled to the resolution of 1.0 for the 
data since they are not centered exactly at 0.0 with a resolution exactly of 1.0. a T . ~  are 
(0.0,l.O) Gaussians from MC. 

o Neural Net: the same N, requirements apply; NN < 0.65 for T, NN > 0.65 for K; 7r 

fake as K ,  N N  > 0.65, K fake as n, N N  < 0.65; 

To get the particle identification efficiencies, we compare the kaon and pion momentum spectra 
before and after the particle identification cuts. In Figure 3, we show the PID efficiencies and 
the fake rates as a function of momentum using the three methods. From the comparison, we 
find that the three methods give consistent results for p < 2.0 GeV/c, combined LL and neural 
net give higher efficiencies and lower fake rates for p > 2.0 GeV/c, while combined LL a.ncl 
neural net give consistent results in the whole momentum range. 
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Figure 3: Comparison of PID efficiencies and fake rates using 3 methods. 
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As 8 example. in Figure 4, we show the comparison of PID efficiencies between the data and 
MC using combined LL. In general, MC is more efficient than the data. The PID efficiency 
systematics Ae = edata/eMC - 1.0 as a function of momentum is shown in Figure 5. The overall 
PlD efficiencv systematsics At = tdata/tMC - 1.0 in the whole momentum range is about 3% for 
kaon and 1% for pion. 
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Figure 4: Coniparison of PID efficiencies and fake rates between the data and MC using com- 
bined LL. 
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The work was summarized in a recent CLEO CBX note [7] and the momentum dependent 
particle ID systematic error results were used by the ongoing T -  -+ K+K-r-v, analysis and 
other CLEO I11 analysis using RICH particle ID. 

6.2 Selected CLEO Results from SMU Group 
The following sections summarize selected recent CLEO results obtained by the SMU group. 

6.2.1 First Observation of Exclusive B + D(*)K*- Decays 
Liu. Gao and Stroynowski made the first observation of exclusive hadronic B decay processes 
B --+ D(*)K*-  where D*+ t DOT+; D'O t DOT', Do?; Do -+ K-.rr+, K-.rr+ro, K-r+r+r-;  
D+ -+ K-T+T+ and K*- + K:r-. The study of B mesons has been attracting extensive 
world wide attention because it will allow for a decisive test of the quark-mixing sector in 
the Standard Model (SM). According to the SM, C P  violation is just the consequence of the 
complex phase in the CKM quark-mixing matrix. To check the SM predictions on C P  violation 
in order to search for new physics be ond the SM, it is articularly important to measure the 

CI<M unitary triangle as precise as possible. Among these three CKM angles, only the angle 
5' (sin29) is expected tto be cleanly measured using the gold plated Bo + J/$K: decay mode. 

three sides and angles (cy = arg [- v,dvf], x d v *  P arg [-'*I, and y arg [-m]) of the 
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Figure 5: Momentum dependent systematics using 3 methods with p 0 0  > 2.0 GeV/c. 

The measurements of the other two angles are much more difficult, both theoretically and 
experimentally, and will take much longer time [8]. We are only at the beginning of observing 
the decay modes that can be used to measure these two angles [9, 10, 111. 

The angle y can be measured by B -, D(*)K(*) decays [12,8]. The decay B- -+ D°K- was first 
observed in 1998 with CLEO I1 data [ll] and later confirmed by the BELLE collaboration [13]. 

Liu, Gao and Stroynowski searched for exclusive hadronic B decay processes B --$ D(*)K*- 
using full CLEO II+II.V data, where D*+ --+ DOT+; D*O ---t Dono, Do?; Do -+ K-n+. K-7r+7ro. 

K-r+r+r-; D+ -+ K-r+r+ and K*- -+ K$-. We reconstruct Do, D+, D*". D+ hnd l<*-- 111 

the above decay modes. Then the D(*) and K*- candidates with the proper energy differeiicc 
A E  = (E(D(*)K*- - Ebeam)-are combined to form B + D(*)K*- candidates. Further cvriit 
shape requirements are imposed to reduce the continuum backgrounds. 35 niillion geiieiic: BD 
MC and 110 million generic continuum MC are used to optimize the event selection to maximize 
the statistical power of our data. 
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We extract the signal yield from binned maximum likelihood fit to the beam-constrained mass 
distribution. The fit function is a Gaussian function with fixed resolution obtained from signal 
MC', plus the ARGUS background function. Significant excesses of events have been observed 
in all these decay modes, consistent with coming from B + D(*)K*- decays. Results are 
shown in Figure 6 and summarized in Table 2. For B -+ D*K*- decays, as we do not know 
the polarization of the two vector mesons, we generate both 00 and 11 for our MC signal 
B t D*K*-. The two efficiencies for the B t D*K*- decays given in Table 2 correspond to 
the 00 and 11 polarization of the final state vector mesons, respectively. 

5200 5 225 5.250 5275 5.300 
M, lor $-lDXK' 

5m 5.225 5250 5.275 5.300 
M, lor B--+O"Ic 

Figure 6: The beam-constrained mass distributions for B- + D°K*- (top left), Bo ---f D+K*- 
(top right), Bo 4 D*+K*- (bottom left), B- --+ D*'K*- (bottom right) with all sub-modes 
combined for each B -+ D(*)K*- decay. The histograms show the data, the solid lines represent 
the backgrounds. 

We use the wrong-sign (D(*)K*+) combinations from the on-resonance sample and the contin- 
uum sample as cross-checks. The same selection cuts are applied for the.wrong-sign D(*)K*+, us- 
ing the on-resonance data. Instead of searching for D(*)K*- combinations where K*- + Ktn-,  
we search for D(*)K*+ combinations where K*+ + Ktn+. No enhancement is observed in the 
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Table 2: Results of B- + D°K*-, using the full CLEO II+II.V dat,a. 

Decay Mode 
B- -+ Dun- 
Bo 4 D+n- 

signal region for these wrong-sign combination in the on-resonance data. We also apply the 
same selection cuts to the continuum sample, no enhancement is observed in the signal region 
for these decay modes in the continuum data. We conclude that we have observed the exclusive 
B 3 D(*)K*- using full CLEO II+II.V data, including the first observation of B + D*+K*- 
and B- --$ D*'K*-. 

Yield B(B  -+ D(*)n-)(  x 
2722f58 5.18 f 0.11 
832f31 2.97 f 0.11 

B 3 D(*)K*- and B --f D(*)7r- both have the same D(*) in the final states. Therefore, by using 
exactly the same selection cuts for D(*), we can measure B ( B  t D(*)K*-) /B(B -+ D(*)7r-) 
more accurately, as all the systematic errors from the D(*) cancel. D(*) candidate is selected 
with the same criteria which is then combined with another energetic 7r- candidates to form a 
B 4 D(*)7r-. The results for B + D ( * k  decays are shown in Table 3. 

Bo + D*+(D0r+)r- 
B- -+ D*"n-* 

Table 3: Results of B -+ D(*)7r- using CLEO I1 and 1I.V data. 

718f27 2.78 f 0.11) 
906f32 5.19 f 0.19 ' 
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In summary, we have observed significant signals in the exclusive B -+ D(*)K*- decay modes. 
The measured branching ratios are: 

BT(B- -+ DoK*-) = (6.1 f 1.6 f 1.6) x 

B@O -+ D+K*-) = (3.7 f 1.5 f 0.9) x 

B T ( ~ O  ~ D*+K*-) = 4.1 f 1.4 f 0.7 (00) 
3.5 f 1.2 f 0.6 (11) 

8.3 f 2.4 f 2.6 (00) 
D*°K*-) = 7.2 f 2.1 f 2.3 (11) x 10-4. BT(B- 

and the corresponding ratios are: 

B ( B -  --t D°K*-)/B(Bo + Don-) = 0.117 f 0.032 f 0.008 

B ( g o  -+ D+K*-)/B(BO + D+n-) = 0.125 f 0.051 f 0.009 
0.144 f 0.048 f 0.010 (00) 

---$ D*+K*-)/@O -+ D*+n-) = 0.122 f 0.041 f 0.009 (11) 

0.152 f 0.045 f 0.010 (00) 
B(B- ---$ D*OK*-)/B(BO + D*On-) = 0.132 f 0.039 f 0.009 (11) 

These results have been summarized in an internal CLEO CBX note and presented to  the 
CLEO collaboration [14]. The paper was published in Phys. Rev. Lett. in early 2002 [15]. 

6.2.2 Search for Exclusive FCNC Processes B --+ I+l-K(*) 
Gao searched for the exclusive Flavor-Changing-Neutral-Current (FCNC) processes B+ -+ 

1+1-K+ and Bo -+ l+l-K*' where 1+Z- = e+e- or p+p-, and K*O t K+n-. Exclusive FCNC 
B decay processes B -+ l+l-K(*) do not occur at tree level in the Standard Model (SM). 
Effective FCNC through one-loop diagrams, known as penguin and box diagrams, can lead to 
the tmmsition b + s and b -+ d with branching ratios at level [16]. Being loop 
indiiced. they aIe sensitive to the energy scales of the order (rnw,rnt), and are also sensitive 
t u  ~ u a u y  exterisioris of the Standard Model, such as charged Higgs bosons, SUSY particles and 
anomalous W couplings. The non-SM processes can result in significant enhancements of the 
branching ratios [17] and make these FCNC processes a powerful tool to test the SM and search 
for physics beyond the SM. 

to 

Gao used the full CLEO II+II.V data to  search for the exclusive FCNC processes B+ -+ Z+Z-K+ 
and Bo --t Z+l-K*O where 1+1- = e'e- or p+p-, and K*O t K+T-. The backgrounds for 
exclusive FCNC processes can be divided into three categories: 

0 Physics Backgrounds (q -+ J /@(@(2S))K(*)  etc). 

0 Random Combinations with fake identified tracks. 

0 b n d o m  Combinations with no fake identified tracks. 
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Tight lepton ID, J / 9 ( 9 ( 2 S ) )  veto and Kaon ID requirement, together with tight continuum 
rejection requirement were used to  select B + I+l-K(*) candidates. A summary of the exclusive 
FCNC decay modes, selection efficiencies, the events observed in the signal boxes and the 
corresponding 90% C.L. upper limit are listed in Table 4. 

These results have been summarized in an internal CLEO CBX note and presented to  the  
CLEO collaboration [19]. They are combined with another CLEO work [20] for publication in 
Physical Review Letters [21]. 

Table 4: Decay modes, signal selection efficiencies, systematic uncertainly of the efficiency, the 
number of events observed in the signal boxes, 90% C.L. upper limit and 90% C.L. branching 
ratio upper limit with systematic error taken into account. 

6.2.3 First Search for FCNC Decay of Do --+ yy 
Gao performed the first search for FCNC charm decay of Do --f yy. In the SM, FCNC processes 
are forbidden at the tree level but can occur at higher loop level. Therefore, they provide 
good opportunities to  probe new physics beyond the SM, especially those processes where very 
small SM signals are expected. The experimental studies of FCNC processes for charm have 
lagged behind those of the other flavors. Eugene Golowich pointed out this irony in his recent 
paper [22]: it is precisely because SM signals are expected to be so small for charm FCNC that 
the opportunities for evidence of New Physics to emerge become enhanced relative to the other 
flavors. The current situation begs for experimental input. 

Table 5 lists 4 types of FCNC charm decays, together with their current, experimental bounds 
and SM calculations [22, 23, 241. While all existing experimental bounds lie below the SM 
predictions, for some decays, the gap between SM and experiment is enormous, leaving ample 
opportunity for signals from New Physics beyond the SM to appear. Supersymmetry (SUSY), 
Extra Degrees of Freedom: Higgs bosons, Gauge bosons, Fermions including Extra dimensions 
etc are all candidates of New Physics, if these FCNC charm decays can be observed at levels 
much higher than SM calculations. Do + yy is one of these FCNC rare charm decay process 
which is highly suppressed in'the SM. This process has never been measured so far. 

Gao performed the first search for FCNC decay of Do ---f yy using full CLEO II+II.V data set,. 
Due to the expected small branching fraction, the poor mass resolution, the lack of constraints 
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Table 5: Summary of current experimental and theoretical FCNC processes of rare charm 
decays. 

xxperimental Limit 
< 4.5x 10-5 
< ~ 5 x 1 0 - 5  
< ~ 0 x 1 0 - 4  
< 6 . 6 ~ 1 0 - ~  
< 5.8x 10-4 
< 2 . 3 ~ 1 0 ~ ~  

< 3.3x 
< ~ 3 x 1 0 - 5  

No Data 
No Data 

Decay Mode 
D+ -+ 7r+e+e- 
D+-+7r  p p 
D+ -+ p+e+e- 
D o - + r e  o + -  e 
D o - + p e  O f -  e 
D0-+PI I  P 

D O + P  P 
DU -+ YY 

+ + -  

o + -  
Du -+ e+e- + -  

D -+ r ( K ) v P  

Standard Model Predictions 
2 x 

1.9 x 
4.5 x 
0.8 x 
1.8 x 
1 . 8 ~  

10-24 

10-15 - 10-16 

10-13 - 10-19 
- 10-lU 

for Do t yy and huge combinatoric backgrounds from random photons, it is hopeless to look 
for a Do mass peak in yy invariant mass in searching for FCNC Do -+ yy decays. However, if 
we search for D*+ -+ DOT+ where Do --f yy, things will be very different. The (D*+ - Do - 
7r') mass resolution is less than 1 MeV which does not depend much on the Do decay mode. 
Furthermore, there exists an excellent calibration mode of D*+ + DOT+ where Do + TOT'. 
Tlic lxaricliiiig fiaction of Do --f 7r07ro was measured to be: Br(Do -+ 7r07ro) = (8.4 f 2.2) x 

[25, 2G]. In the recent CLEO paper searching for CP violation in Do decays [27], 810f89 
signal events were observed in D*+ + DOT+ where Do -+ TOT'. The analysis strategy to search 
for Do -+ yy is to  use D*+ 4 DOT+ and compare Do + yy with Do -+ 7r T . 0 0  

Do meson candidates are reconstructed by combining two detected photons or neutral pions. 
The invariant mass of the two photons or neutral pions is required to be within 2.5 standard 
deviations (CT) of the known Do mass [26]. The photon candidates are required to pass quality 
cuts and not to be associated with charged tracks. To form 7ro candidates, pairs of photon 
cjimdidat,cs with an invariant, mass within 3 a of the nominal 7ro mass are kinematically fitted 
with the mass constrained to the nominal 7ro mass [26]. To reject combinatoric backgrounds, 
each no or photon candidate in Do t 7r07ro or yy candidate is required to have momentum 
greater than 0.55 GeV/c. Furthermore, each Do candidate is required to have momentum 
greater than 2.2 GeV/c. These requirements come from optimization that minimizes the sta- 
tistical error of D*+ t Don+ branching fraction where Do nono. To limit possible cross-feed 
from Do t TOTO, the photon candidates in Do t yy are rejected if they form 7ro candidates 
within 3 0. A slow n+ is then combined with the Do candidate to form a D*+ candidate. The 
T+ candidate must be well-reconstructed track originating from a cylinder of radius 3 mm and 
half-length 5 ci-n centered att the e+e- interaction point. The minimum momentum requirement 
on Do candidate of 2.2 GeV/c sets a lower limit on the T+ momentum of approximately 100 
MeV/c. The dE/dx information for 7r+ candidate, if exists, is required to be consistent with 
pion within 3 g. 
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Figure 7 shows the (D*+ - Do - T') mass distributions for D*+ t DOT+ where Do + T O T O  and 
Do + yy. The circles with errors are from CLEO data which are fit by a Gaussian function 
with expected mean and width determined from signal Monte Carlo simulation, on top of a 
threshold background function. For D*+ + DOT+ where Do --t TOTO, 628.0f31.8 signal events 
are observed. The signal and background level between data and Monte Carlo are in excellent 
agreement. For D*+ + DOT+ where Do -+ yy, no significant enhancement is observed in the 
signal region. The signal yield from the fit is 19.2f9.3. 
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Figure 7: The (D*+ - Do - T+ mass distributions for D*+ -, DOT+ where Do + T O T O  and 
Do t yy. The circles are from data. The histograms are from normalized Monte Carlo 
expectation without Do + yy embedded. 

To estimate the detection efficiencies, we generate both Do --t yy and Do t TOTO Monte Carlo 
events and simulate the CLEO detector response with GEANT. Simulated events for the CLEO 
I1 and 1I.V configurations are processed in the same manner as the data. The relative efficiency 

systematic errors come from event selection and signal yield axe listed in Table 6. The other 

for Do + yy and Do t TOTO is determined to be: Ef f ic ienq~~oT"O&.  Efficiency D0*77 = 1.58 f 0.05. The 
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Br Do-+yy common systematic errors for D*+ -, DOT' cancel in measuring Br(bo,,o,b). 

Systematic Error Source 
T O  finding efficiency systematic error 

Photon finding efficiency systematic error 
Fit Yield systematic error 

Do selection systematic error 
MC Statistics systematic error 

Hadronic Event Selection systematic error 

Br DO-ryy) Table 6: Summary of systematic error sources and their contribution in measuring Br(i)o+ToTo). 

Systematic Error (in percent) 
5.0 per T O  

3.0 per photon 
3.0 
2.0 
2.0 
1.0 

111 suiiirriary. we report the result of first search for FCNC process of Do + yy. With all 
the signal yields, relative selection efficiency and systematic errors in D*+ -+ DOT+ where 
Do 4 7r"d' arid Do + yy, we set upper limit: mj < 0.034 at 90% C.L. Using CLEO'S 
Ixiiiiching fraction measurement of Br(Do + T O T O )  = (8.4 f 2.2) x [25, 261, we set upper 
limit: &(Do +yy) < 3.0 x at 90% C.L. 

These results have been summarized in CLEO CBX note [28] and presented to the entire CLEO 
collaboration [29]. The paper was published in the Phys. Rev. Lett. in early 2003 [30]. 

6.2.4 Search for CP violation in 7 decays 
Maravin and Stroynowski searched for CP violation in r decays using CLEO II+II.V data. The 
question of origin and size of C P  violation became recently a topical subject. C P  violation has 
now been observed in the quark sector [31, 32, 33, 341. Increasing evidence for the existence 
of neutrino masses and their mixing opens a probability of the CP violation in the neutrino 
sector [35]. It would be odd if the mixing effects were limited to  the quarks and neutrinos only 
and not appear in the charged lepton sector. Such mixing could lead to  C P  violation. There 
are st,rict. limits on the mixing among the charged leptons coming from the searches for lepton 
number violation [36]. Nevertheless, various extensions of the Standard Model allow for the 
existence of C P  violation not only due to the mixing but also due to the interference between 
tlie IT' nic\tliat,ed decays and scalar boson with CP-violating coupling A mediated decays [37, 381 
of the T to the same final state. 

Experimentally, little is known whether C P  symmetry is broken in r decays or not. The only 
previously published result is from '98 CLEO study [39] which used only a third of available 
data set and provided no practical restriction on the CP-violating coupling A. 

In the next two sections we describe two searches for the CP violation in tau decays done by 
Maravin and Stroynowski. In the first analysis we searched for C P  violation in the 7 decay into 
7r7r0v, final state [40]. We elected to study this mode due to its large branching fraction, its 
distiiictive experimental signature, and its relatively simple hadronic dynamics. The procedure 
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employed in the analysis is general and in the second work we apply it to T decaying into Kw, 
final state. This tau decay mode was selected because several models [41] predict enhanced 
CP-violating effects in this case. 

A common method used in searches for CP violation is to define a CP-odd observable E ,  such 
as, e.g., a triple product of independent vectors, and then average its distribution over the data 
set. If the probability density for the tau decay consists of CP-even and -odd terms ( PPIIc), and 
P&), then the average of the < is 

< < >= / ((Peve, -k P&d) dLisp = J <Pod dLiSp.  (1) 

Therefore, an average of ( different from zero indicates the presence of C'P-odd t e m  ill tlic 
probability density of the decay and, therefore, indicates CP violation. 

The choice of the CP-odd observable is not unique. To maximize the sensitivity of our search 
we construct an optimal variable < with the smallest associated statistical error. Such a variable 
was proposed by Atwood and Soni [43] and by Gunion and Grzadkowski [44] for other searches. 
It equals to the ratio of the CP-odd and -even parts of the decay probability density 

Both the CP-odd and -even parts of the probability density are functions of the kinematical 
quantities that characterize the T decay. Therefore, the results are optimal in the context of 
a specific model where CP symmetry is violated due to interference of W-exchange and an 
exchange of a charged scalar with complex couplings. 

6.2.$.1 Searfh for C P  violation in a correlated 7%- -+ 
(hr &)(KT vT) decay mode. 
In CLEO, the polarization of the e+ and e- beams are not known. Therefore, only a spin- 
averaged part of the probability density can be calculated to measure < [ >. However, the 
situation is different for decays of pairs of T ' S  produced in e+e- annihilations, where the parent 
virtual photon introduces correlations of the T+ and 7- spins. To enhance the sensitivity to  
C P  violation in both spin-averaged and spin-dependent parts of the probability density we use 
spin correlations between the decays of two tau leptons each decaying into 7rr"vT final stake 
Obtained probability density depends on the unknown parameterization of the scalar current 
in the tau lepton decay. We consider three different parameterization of the unknown scalar 
current in 7 decay: two resonant currents, parameterized by a Breit-Wigner shape for no(980) 
and UO( 1480) resonances, and a non-resonant current parameterized by a constant. For each 
three choices of the scalar current parameterization we calculate the optimal observable given 
in Eq. (2) and plot it for Monte Carlo simulations generated with and without C P  violation 
(see Figure ). 

To measure the CP-violating imaginary part of the scalar coupling constant, A we need to 
relate it to  the observed value of < ( >. To do that we use series of Monte Carlo simulations 
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Figure 8: Optimal observable < for (a) Monte Carlo with no CP violation and (b) Monte Carlo 
with a maximal CP violation S ( A )  = 1. 
The optimal observable distribution has a non-zero average value for the Monte Carlo samples 
generated with C P  violation. 

c ,  
66.8 f 4.3 

586.4 f 19.4 
145.8 f 7.3 

generated with different values of $(A). For small values of Irn(A) the relation is linear 

< < >= &(A). (3) 

We use Monte C:arlo to estimate the value of c for each parameterization of the scalar current. 
These values are listed in Table 7. 

The data correspond to a total integrated luminosity of 13.3 fb-' and contain 12.2 million 
T+T- pairs. We select the events consistent with T+T- -+ ( T + T ~ ~ ~ ~ ) ( T - T ~ V ~ ) .  Backgrounds 
from otlicr physics is estimated from both the data and Monte Carlo simulations and found to 
be negligible. 

For each choice of the scalar form factor, we obtain < distribution for both data and Standard 
Model Monte Carlo simulation. These distributions are shown in Figure 9. In each case, we 
use the appropriate empirically-determined coefficient given in Table 7 to  derive a value for the 
imaginary part of the scalar coupling A. These values along with the 90% confidence limits 
on %(A) are reported in the second and third columns of Table 8. Within our experimental 
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Table 8: Average value of the optimal observable < after subtracting the average value for 
Standard Model Monte Carlo, calculated value of S ( A )  and 90% C.L. limits on 3 ( A ) .  

Form factor < < >, S ( A ) ,  low2 
f s  = 1 -0.8 f 1.4 -1.2 f 2.1 

fs = B W ( ~ ( 9 8 0 ) )  -0.6 * 2.4 -0.1 f 0.4 
fs = B W ( ~ ( 1 4 5 0 ) )  0.2 f 1.7 0.1 f 1.2 

$(A), 90% confidence limits 
-0.046 < $(A) < 0.022 
-0.008 < $(A) < 0.006 
-0.019 < %(A) < 0.021 

precision we observe no significant asymmetry of the optimal variable and, therefore, no CP 
violation in r decays. Due to the uncertainty in the choice of the scalar form factor we select 
the most conservative 90% confidence limits corresponding to fs = 1: 

-0.046 < %(A) < 0.022, at 90% C.L.. 

These limits include the effects of possible systematic errors. 

This result is two orders of magnitude more restrictive than that published iri the previous 
analysis. It was presented in BCP4 Conference in Ise-Shima, FCPOl Conference in Nashville, 
EPS HEP 2001 Conference in Budapest, and was published in Physical Review D [40]. 

6.2.4.2 Search for CP violation in a single 7 -+ Kw, decay 
mode. 

- 

We cannot use correlated tau decays in this mode because the small branching fraction for the 
7 -+ KTU, decay could lead to a very small data sample. It is possible, however, to test. only 
the spin-averaged part of the probability density for the decay. If the CP violation is due to 
the Higgs scalar, then the CP-violating effects will be greatly enhanced in r + KTU, decay. 

The technique used here is a modification of a search for CP violation discussed above. Since 
the CLEO detector is more efficient for detecting KO -+ T+T- decays than for unambiguously 
identified kaons, we choose to make use of the T -+ K,OT*U, decay, which has a 3-prong topology. 
We estimate the background using the data and Monte Carlo simulations and find that. their 
contribution does not affect the measurement of CP violating coupling A. 

In this channel C P  symmetry can be violated as a result of an interference between a vector 
[dominated by the K*(892)] and a scalar [e.g., the K*(1430)] resonances in the final state. 
Therefore we expect to have the biggest sensitivity to CP violation in the Kn mass range 
lying between these resonances, Le., between 0.9 and 1.4 GeV/c2. In Figure 5 we plot < 5 > 
separately for 7- and r+ as a function of the (K:T) invariant mass for the data and for the 
Monte Carlo with maximum CP violation. A difference between the < ( > distributions for 
T-  and r+ would indicate CP violation. We observe no difference in the < [ > distributions 
for the data and, therefore, no CP violation. 

To summarize, we have searched for C P  violation in T --t KTU, decay and find no evidence 
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and (c) fs = BW(ao(1450)). 

for it within the available statistics of the CLEO data. We interpreted our results within a 
context of a model in which CP results from the interference between the W and scalar boson 
exchange. This model leads to the strict limits on the imaginary part of a scalar boson coupling 
constant 

-0.155 < %(A) < 0.047, at 90% C.L.. (4) 

These limits are less restrictive but agree well with the previous limits on an imaginary part 
of the scalar component obtained in the study of T-T+ ---f ( T - T ~ V ~ ) ( T + T ' ~ ~ , )  decay. However, 
if the CP violation is due to a Higgs scalar, then the confidence limits on the Higgs coupling 
constants to up-, down-quarks and leptons are of the order of magnitude more restrictive than 
t h s e  obtained using T -, m O v ,  decay mode [41]. 

The preliminary version of this paper was presented in EPS HEP 2001 Conference in Budapest. 
The paper was published in Physical Review Letters in 2002 [42]. . 
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T+T- ( x lo6) a(%) 
0.15 0.087 f 0.056 * 0.040 
0.15 
4.3 

0.163 f 0.021 f 0.017 
0.145 f 0.013 f 0.028 

6.2.5 T to 3 Hadron Decay with CLEO I11 
Liu, Stroynowski and Gao studied T-  -+ K+K-.rr-u, at CLEO 111. For 7 hadronic decays, final 
states with kaons provide a powerful probe of the strange sector of the weak charged current.. 
The decay channel T-  ----t K'K-w-v,, together with T-  --f r/7r-7rov, and 7 -  -, K-7r+7r-v7 can 
be used [45] to  measure the contribution from the Wess-Zumino anomaly [46]. 

Recently, there is rather convincing evidence from neutrino oscillation experiments [47] that 
neutrinos have non-zero masses The decay of T- --+ K+K-.rr-v,, with sizable branching ratio 
and high hadronic mass, can be used to  give stringent constraints on the T neutrino mass I481 
than that obtained from other direct measurements. Table 9 lists the recent measurements 
of T- ---f K+K-n-v, branching fraction [49]. These measurements are based on the particle 
separation provided by dE/dz. There is the discrepancy between the result from OPAL and 
those from the other two experiments. At CLEO 111, we have about 9.2 fb-l data (full dataset) 
taken at ,/Z - 10.58 GeV, out of which 3.26 fb-' (corresponding to 2 . 9 7 ~ 1 0 ~  T+T- pairs) is 
available for this analysis. The RICH detector at CLEO I11 provides good particle separation, 
allowing us to  improve the measurement of 7 -  ---f K+K-.rr-v, branching fraction. 

Table 9: Measurements of B(T- -+ K+K-7r-vT). 

Liu, Stroynowski and Gao studied T -  4 K+K-.rr-v, using l-prong 7' leptonic decay ( e / p )  or 
hadronic decay ( p / 7 r ( K ) )  to tag the other T -  -+ K+K-r-u,. We select the events with the 1 
vs. 3 topology. An event is required to have 4 tracks, each passing track quality cuts, arid to 
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have net zero charge. An electron candidate is selected based on dE/dz information and the 
ratio of the associated shower energy in the calorimeter to the measured track momentum. A 
muon candidate must penetrate at least three to five absorption lengths of material depending 
on its momentum. Any hadron candidate is required not to be identified as an electron or a 
muon. 

The events that. do not satisfy the lepton criteria are classified as hadron tags. To find a p, we use 
the most, energetic no candidate in the tagging hemisphere within (-3.0,2.5)a of the 7ro nominal 
mass, the no candidate with a charged pion in the tagging hemisphere must be consistent with 
the p mass. All other tags with an invariant mass in the tagging hemisphere less than 0.5 
GeV are classified as T .  To select the photon candidates from 7ro decays, unmatched showers 
with I cos 81 < 0.95 are required to have energies greater than 30 MeV in the good section of 
the barrel or 50 MeV in the endcap. To get better mass resolution, we require that at least one 
photon candidate from no decays must be in the good section of the barrel. 

A typical signal event should not deposit any significant extra energy in the calorimeter. In most 
cases, extra unmatched energy deposited in the calorimeter is a signature of various backgrounds 
with one or more no's. To suppress these backgrounds, we don't allow any extra unmatched 
shower with energy E, > 0.1 GeV in the tagging hemisphere or in the signal hemisphere. In 
order to reject the two photon background which is characterized by the missing momentum 
along the beam pipe and a small visible energy, we require I cos ~,,,,I < 0.95, E,,,/E, > 0.4. 
For T- + K+K-r-v,  decay with v, undetected, the K+K-.rr- system has high transverse 
momentum, we require p F K T  > 2.0 GeV/c To get better particle separation, o T , ~  (the standard 
clevihtiori of tlie measured dE/da: from the expected one) and RICH log likelihood difference 
ii - ,& uiidei pion aid kaon hypotheses were combined together. The particle identification 
(PID) cuts Ax2 = xi - x$ + a: - u i  and the number of Cherenkov photons NK are evaluated 
based on generic T MC and generic continuum MC, and are determined as N! 2 3, Ax2 > 0 
foi kaons; and laT( < 3.0 for pion. 

After the event selection, two photon backgrounds are totally negligible. The main backgrounds 
come from T decays to three charged tracks with or without neutrals. We use the generic 
continuum MC and generic T MC to study the continuum and T backgrounds. With RICH, 
t,he continuum backgounds are suppressed to about 2% level, and the T backgrounds are also 
well suppressed to about 9% level. 

With the above event selection, we observe 938 events, out of which, 19 and 86 events are from 
the continuum and T backgrounds, respectively. After the background subtraction, we observe 
833 & 32 signal events, the overall efficiency is (12.28f0.11)%. From those, we determine the 
hancliiiig ratio B(T- -+ K+h'-n-v,) = (1.59 f O.O6(stat)) x 

In Figure 11, we show the mass spectra of hadronic systems. It is clear that T --t K+K-T-u, 
is dominated by the intermediate state 7- -+ K-K*Ov, with K*O -+ K+n-, there is no evi- 
dence for t4he (D product,ion. The normalized continuum and T backgrounds are overlaid. The 
coniparison between the data and MC (all=backgrounds+signal) shows that the decay is not 
well modeled and the modeling of the substructure needs improvement. 
The systematics mainly comes from the event selection efficiencies. To get the systematics, we 
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Figure 11: r + K+K-r-v, mass spectra. 
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vary the cuts by 10% (or more) or la at the determined values and calculate the new yields, 
efficiencies and branching ratios to obtain the systematics. The systematics from the E, < 0.10 
GeV requirement for the extra shower is less than 1%. We use phase space generator to generate 
T-  t K+K-7r-vT and T -  ----t K-K*Ov, where K*O --+ K+.rr-, and find the systematics errors on 
the branching fractions from the model dependent efficiency to be 1.5% and 1.8%, respectively. 
The systematics from the T background subtraction due to the uncertainties in the branching 
ratios for 7 three prong decays is 1.3%. The systematics from the continuum background 
subtraction is estimated to  be 1.5%. The systematics from the cut on the number of tracks 
in a event is 1.7%. The tracking efficiency systematics is 0.2% per track, the PID efficiency 
systeniatics is 3.0% per kaon and 1.0% per pion. Systematics also includes the uncertainties 
from the T pair cross section (l%), the integrated luminosity (2%) and MC statistics (1%). The 
total systematics is 8.1%, the dominant contribution comes from the PID efficiency systematics, 
and we have 8 ( ~ -  ----t K'K-T-v,) = (1.59 dz O.OG(stut) f O.lS(sys)) x 

I I I , I . '  'I I 
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Figure 12: 7 --+ 7r+7r-7r-v, mass spectra. 

As a cross check, we present, the measurement of B(T- --t .rr+n-n-v,). We use N; >_ 3 and 
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Ax2 = x: - x$ + CT: - CT$ < 0 to identify three pions. After the event selection, we observe 
43,432 events, the continuum background is 151.6 events, the 7 background is 3,207 events. 
After the backgrounds subtracted, we observe 40,073k216 signal events. Figures 12 show the 
comparison of the mass spectra between the data and MC. The agreement is quite good. The 
overall efficiency is (10.21f0.17)%, and we have B(T- ---f 7r+7r-7r-v7) = (9.21 f 0.05)0/;. The 
pion PID efficiency systematics is 1% per pion, MC statistics is 2%, the total systematics is 
about 5%. Thus we obtain B(T- -+ n'.rr-.rr-v,) = (9.21 f 0.05 f 0.46)%. The result is in good 
agreement with the PDG value B(r- + .rrf7r-.rr-v,) = (9.18 f O . l l ) %  [26]. 

Based on 3.26 fb-I (2.97 x lo6 T+T-) data collected at CLEO 111, we improve the measurement 
of B(r- ---t K+K-.lr-v,) = (1.59 f 0.06 f 0.13) x which is in good agreement with the 
PDG result (1.61f0.18) x [26], the errors are statistical and systematic, respectively. The 
systematics is dominated by the PID efficiency systematics which we'll further study after more 
data available. The preliminary results were presented at  7th International Workshop on Tau 
Lepton Physics, Sep. 10-13, 2002, UC Santa Cruz, CA. The paper was published in Physical 
Review Letters in early 2003 [50]. 

6.2.6 Wess-Zurnino Anomaly and Substructures in 
7 -  -+ KSK-7r-v, Decays 
Liu, Stroynowski and Gao studied Wess-Zumino Anomaly and Substructures in 7- ---$ K+K-.rr-v, 
Decays using CLEO I11 data. The T decays involving 7 violate G parity in the standard vector 
current processes, they are expected to be quite small. But according to Wess and Zumino [46], 
one can construct an effective chiral Lagrangian involving three meson currents, the so-called 
chiral anomaly term, which flips the parity of the three meson final state, allowing decays with 
an q and at least two other mesons in the final state without isospin suppression. The anomaly 
violates the rule that the weak axial-vector and vector currents produce an odd and an even 
number of pseudoscalars, respectively, and it applies to r decays to at least, three mesons. The 
anomaly governed by the consistency conditions is universal and model independent, which 
plays an important role in the hadron dynamics [51], while the overall coupling constants in all 
vertices axe model dependent and/or need to be determined by experiments. Even the triangle 
anomaly [52] describing the decay no + yy and the box anomaly [53] can be derived from the 
Wess-Zumino Lagrangian. The r hadronic decays provide a comprehensive test, giound for tlie 
anomaly mechanism. The golden plated decay to study the anomaly is 7- q7r-.rrov, without 
the contribution from the axial-vector current, which was first observed by the CLEO Collab- 
oration with sizeable branching fraction as predicted [54].While for the dominant, T 3-prong 
decays, T ---f (37r)-v7, G parity forbids the anomaly to contribute. The second alternative 
decay to study the anomaly is r- + K+K-r-v,, but it has the contributions from both tche 
axial-vector and vector currents [45] which needs to be isolated. Good pion and kaon separa- 
tion capability provided by the RICH detector at CLEO 111 makes the study possible. Taking 
advantage of the good 7r/K separation capability with the RICH, we have improved the mea- 
surements of the branching fraction for T decays to three charged hadrons with 0, l ,  2 and 3 
kaons [55]. Moreover, the substructure of the decay r- -+ K+K-n-v, is also sensitive to the 
contribution from the anomaly. In the note, we use the unbinned maximum likelihood method 
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to study the structure and determine the quantitative contribution from the anomaly. 

For T decays to three mesons, the decay width [56] can be calculated from 

where the structure functions WA and W, are expressed in general in term of the axial-vector 
current form factors F 1  and FZ and the vector current '(anomaly) form factor F 3  as: 

Here Q2 = (ql + q2 + q3)2 
4-momentum of particle i 

= 41 x q z  and q3/Iq3) ,  

, SI = ( q z  + q3)', sz = (41 + 43)' and s 3  = (41 + q 2 ) 2 1  and qi are the 
in the hadronic rest frame with with the t and x axis aligned along 
and X I  = q: - qi, x 2  = qz - 432, x 3  = -q;, x4 = mx3@. Eq. 5 shows 

that W . 4  and WE govern the rate and the distributions in the Dalitz plot; moreover, there is 
no interference between the axial vector current contributions ( F 1 ,  Fz) and the vector current 
(anomaly) contribution ( F 3 )  in the decay width. 

The parameterization of the form factors F1,2,3 for the decay T- + K-r-K+v, is given by [57] 

where BWx(s) is the two particle Breit-Wigner propagator with an energy dependent width 
T X ( S ) .  

where X stands for the various resonances of the two mesons channels. For a two body decay, 
the energy dependent width is 
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where n is the power of IpI in the matrix element and n = 1 here. The CLEO results on the u1 
parameterization will be used [58]. The K* and the p resonances are parameterized as [57]: 

The experimental results from T- + (Kn)-v, favor PK* = 0 [ S I .  The remaining Breit-Wigner 
functions are given by 

There is no evidence for the p" production in the r decays, it means v = 0 in Eq. 8. We use 
the parameterizations of Eqs. 7 and 8 as those in KORALB f57] and determine X and ct using 
the unbinned maximum likelihood method. For convenience, we present. LVA aiid W-B esplicitly 
expressed as functions of Q2, SI and s2, and parameters CY and A: 

(2.31 + s2 - Q2 - 2mq - mi)' + s 2  - 2(m3 + m q  
4Q2 WA = ( 

In our case, ml = m2 = m K  and m3 = m,. 
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We obtain signal probability density functions (PDFs) as functions of Q 2 ,  s1 and s2 and param- 
c t rw  n and X through fine binning integrations over Eq. 5. The key point here is to determine 
the integral intervals. The signal PDFs are tested from integrations and MC generation using 
KORALB, and the agreement is perfect. For the decay T- + K+K-n-v,, there are sev- 
era1 sources of backgrounds. The dominant backgrounds come from the T cross feed decays 
T-  4 K-T+T-v,, ~-7r+n-v,, K+K-n-.rrov, due to the pion mis-identification or missing 7ro 

and K+K-r-v,  due to mistags (see Table 2 in CBX 02-29 for detail). We fit the K+K-.rr-, 
K+r-  and K+K- mass spectra of the backgrounds to  obtain the background PDFs after nor- 
iiinliztit,ion. The mass dependent detection efficiencies are obtained from the signal MC samples. 
We find the detector smearing is in good agreement between the data and MC. 

Minuit [59] is used for the final fit to minimize the log likelihood 

Here, TI;' arid nB are the numbers of signal and background events with v = ns + nB. Pf 
and PF are the normalized probabilities for event i to be a signal or a background event. The 
parulet.ers in fitting are: a and X in Eq. 9. We also let the mass and width of the K*O floating 
while fitting. The MC sample is used to test the fitting procedure. Fig. 13 shows the fits to the 
mass spectra of the MC sample. The input and fitted parameters of the MC sample are given 
in Table. 10, they agree very well. 

Table 10: The input and fitted parameters of MC sample. 

Based on 7.77 fb-' data collected on or near the T(4S) with the CLEO I11 detector, we observed 
2255 events Out. of which there are 256 f 16 f 45 events from the backgrounds, the errors 
ai e statistical and systematic, respectively. The details about the background estimates can be 
~ U U I I C ~  111 lid. [%I. The fits to the mass spectra for the data are shown in Fig. 14. The results 
are listed in Table 11, which yields the anomaly contributes to (56.9+2::)% of the decay width 
of T -  --+ K+K-.rr-v,. The fitted mass and width of the K*O are in good agreement with the 
PDG values [26]. 

We consider the systematics from background PDFs, efficiencies, background errors, p" compo- 
nent, the K*O mass and width. The dominant contributions come from the backgrounds PDFs. 
We determine the systematics by varying these quantities and obtain a = 0.578 f 0.081-0:399, +O 118 
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Figure 13: Fits t o  the K+K-x-, K+x-  Figure 14: Fits to the K+K-r- ,  K+r-  
and K+K- mass spectra of MC. and K+K- mass spectra of the data. 

0.578f0.081 -0.2 f i / 2  
-0.276f0.017 -0.25 -0.25 (-0.24 f 0.02 CLEO [?I) 

897.3f1.1 892.0 896.1f0.3 (PDG [2G]) 
53.4f2.2 50.5 50.8&0.9(PDG I2Gl) 

Table 11: The fitted parameters for the data. 

I parameters I fit I KORALB 1 Z.Phy. C69, 243 

X = -0.276 f 0.017 f 0.106, and the contribution from the anomaly to the decay width of 
T-  -, K+K-x-v, is (56.9?::; f 3.8)%. 

Our results a and X are consistent with the prediction in Zeit. Phys. C69, 243 (1996). The 
parameter X also agree with the result from the fit to  the spectral functions in the decays 
T-  t wx-u, [60]. 

In summary, we present the first study of the Wess-Zumino anomaly in the T -  ---f K+K-T-v,  
decay and determine its quantitative contributions (56.9?i:fl f 3.8)% to the decay width. The 
substructure of the decay is also investigated. These results have been summarized in an 
internal CLEO CBX note [61]. We expect to publish these results by the end of 2003. 
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7. The CLEO-c Program 

7.1 Overview of the CLEO-c Physics Program 
The CLEO collaboration at the Cornel1 Electron Storage Fbng (CESR) has proposed a three- 
year experiment that specifically emphasizes charm and QCD studies in the energy range fi = 
3-5 GeV, utilizes the existing detector and requires minimal modification of CESR to produce 
a luminosity L = (1 - 5) x cm-2sec-1. The proposal [l] submitted to NSF in 2001 entails a 
3-year run plan at “charm production” threshold: running at 6 = Q(3770) (OD threshold) in 
2004 and collecting J Ldt = 3 fb-’; running in 2005 at fi N 4100 MeV (D,Ds threshold) and 
collecting J Cdt = 3fb-l; and running in 2006 at fi = J/!€’(3100) and collecting J Ldt = 1 fb-l. 
These integrated luminosities represent data sets that are a factor of 15 - 500 larger than 
corresponding data sets of BES I1 and MARK 111. In February of 2003. National Science Board. 
the governing board of the NSF, approved the 5-year proposal of CESR-c/CLEO-c starting in 
the fall of 2003. 

The core of the CLEO-c physics program is a focussed set of precision measurements of charm 
absolute branching fractions and spectroscopy of cE quarkonia. In the charm sector. mea- 
surement of D and D, leptonic decays permit determinations of the decays constants fo and 
fo, , respectively. Measurements of semileptonic decays will yield precision determinations of 
semileptonic form factors and the CKM matrix elements V,d and V,, and so provide a check of 
the unitarity of the matrix itself. Semileptonic form factors can also be accurately determined. 

Charm Threshold Running 

CLEO-c will not be able to compete against the asymmetric B factory detectors running at. 
fi = “(4s) in the raw number of charm events collected. However, running at charm threshold 
production has distinct advantages over continuum e+e- -+ CE production. For example. the 
charged and neutral multiplicities in Q(3770) events are only 5.0 and 2.4, respectively, reducing 
combinatorics and leading to  high detection efficiencies and low systematic errors. Additionally. 
charm events at threshold are pure ob, including the Q(4140) decaying into ob*, D,o,  and 
D,D,*. No additional particles from fragmentation are produced. 

Low multiplicity events and pure 00 states, coupled with the relatively high branching fractions 
typical of D decays, permit the efficient implementation of “double tag” studies where one 
D is fully reconstructed and the other is studied in a bias free fashion. This permits the 
determination of absolute branching fractions with very low backgrounds. In leptonic and 
semileptonic decays, the missing neutrino can be treated as a missing mass problem, with a 
missing mass resolution better than one pion mass. 

Absolute Branching Fractions 

The combination of pure DD(D,D,) at fi = @(3770) (& = 4140 MeV), typical charm branch- 
ing fractions of (1 - 15)%, and a high reconstruction efficiency for D-mesons, lead to a high 
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net. D-meson tagging efficiency of - 15% for CLEO-c. Key selection criteria for D candidates 
include constraints on the energy difference between the D candidate and the beam energy, the 
h \ . l n  coiistraiiied mass of the D candidate, and particle identification cuts. Figure 1 shows the 
reconstructed Do mass for simulated Do + K-T+ decays (left) and the reconstructed D, mass 
for the D, + I<+K-.rr+ mode. Only 1 fb-’ out of the target 3 fb-’ of integrated luminosity is 
plotted and the effects of sequential selection cuts are indicated. Note the logarithmic vertical 
scale. 

The technique for tagging a single D candidate can of course be extended to the second D- 
meson candidate in e+e- + cE threshold production events by essentially applying the single- 
tag technique twice. Some additional constraints on the flavor-defining charge of the second 
D candidate. overall event topology, and overall event energy and invariant mass are applied 
to produce “double-tag” D candidates. Using a modified version of a technique developed at 
h4,4RK I11 [2], CLEO-c can then precisely measure absolute hadronic charm meson branching 
fractions using double-tag events. Figure 2 shows the reconstructed D mass from the Do + 

I<-.rr+ mode (left) and from the D+ -, K-.rr+n+ mode. In both cases the distribution is made 
after another D of the opposite flavor has been found in the event and only 1 fb-l of simulated 
data out. of the anticipated 3fb-’ is used. Note the almost complete absence of background in 
Imt.11 distributions. Table 1 compares the branching fraction precision for some key D decay 
modes anticipated with 3 fb-’ of CLEO-c data and the corresponding PDG 2000 values. 

....__ -.-... ..._. 

1.84 1.86 1.88 
M (D) (GeV/C*) 

-- 3~ A E C u t  
- d E / d X + A E C U t S  

- 
1.94 1 .% 1.98 2.00 202 

M (D) (GeV/$) 

Figure 1: Reconstructed D mass an simulated Do + K-T+ decays (left) and D,  -+ K+K-.rr+ 
de(;t/.;ys (r?ght)  T w h t h  CLEO-C. 

Leptonic and Semileptonic Decays 
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Figure 2: Reconstructed D mass in the Do + K-T+ decay mode (left) nn.d in  D+ + K-~r+.rr+ 
(right). A D candidate of the opposite flavor has also been found zn each event. 

Mode 

Do + K-T’ 
D+ --+ K-T+T- 
Ds + Q/r 

Table 1: Branching fraction precision of key D decay modes projected for 3 f b-’ of CLEO-c 
data compared to PDG 2000 values. 

6 (GeV) ( ~ ) P D G  ( ~ ) c L E o - ~  6 Br 

3770 2.4% 0.6% 
3770 7.2% 0.7% 
4140 25% 1.9% 

Precision measurements of leptonic and semileptonic decays in the charm sector are vital for 
determining CKM matrix elements that  describe the mixing of flavors and generations induced 
by the weak interaction. The lowest order expression for the leptonic branching fraction of a 
D-meson is given by [3] 

where f ~ ,  is the parameter that encapsulates the strong physics of the process and lV&l is the 
CKM matrix parameter that encapsulates the weak physics and quantifies the amplitude for 
quark mixing. Measurements of leptonic branching fractions can then be used to extract f ~ ,  
and, with additional semileptonic measurements, lVql. They will exploit fully tagged D+ and 
D, decays from running at the Q(3770) and 6 - 4140MeV. D, --+ pu decays are detected in 
tagged events by observing a single track of the correct charge, missing energy, and accounting 
for any residual energy in the calorimeter. 
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Figure 3 shows the reconstructed missing mass squared for D+ ---f pu (left) and D, + p u  
decays. Note the signal (shaded area) is cleanly separated from the background. The decay 
D ,  -, TI /  is more complicated to treat because of the secondary decay of the r but still fully 
itcwsible to CLEO-e. Table 2 compares with PDG 2000 values the expected precision for 
D-meson decay constants with 3fb-' of data and assuming 3 generation unitarity. 

Decay Constant 

f Ds 
f Ds 
f D  

Figiirc 3: Reconstructed missing mass squared for  simulated D+ + pu candidates (left) and for  
D, -+ pu candadates (right). The shaded areas are the signal. 

Mode (GeV) ( 7 ) p ~ G  ( 7 ) C L E O - c  

0,' ---f r u  33% 1.7% 
D+ -+ pv Upper limit 2.3% 

0,' + pu 17% 1.9% 

Table 2: Charm decay constant precision expected with 3 fb-' of CLEO-c data compared to 
PDG 2000 values. 

The differential semileptonic decay rate for a D-meson to a pseudoscalar P is given by [4] 

d r ( D  --t Plu) G'; 
dq2 = - 24r3 I v,, I 2P; I f(q2) 1 2 '  

where the form factor f ( q 2 )  encapsulates the strong physics. Form factor measurements are 
a key means to test theory's description of heavy quark decays. Precision measurements in 
incliisive semileptonic decays can strenuously test heavy quark effective theory (HQET) [5] 
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Figure 4: Reconstructed Do --t 7r-e+u decays (left) as a function of the quantaty I1 descrabed rii 

the text. The signal is the shaded area. A measurement of the form factor an the same decay 
mode with a line fit to the data points (right). 

Do+K-e+u 
Do-+7r-e+u 
E)+ + 7roe+u 

while exclusive decays are a rigorous testbed for Lattice QCD (LQCD) calculations [6]. More 
progress in heavy quark decay theory is necessary to extract precision values (W/V - 5%) of the 
CKM matrix elements l&dl and from data at present and planned B physics experiments. 

5% 0.4% 
16% 1.0% 
48% 2.0% 

Figure 4 shows on the left the reconstruction of the mode Do + .rr-e+v where the horizontal 
axis is the difference U between missing energy Emiss and missing momentum The signal 
(shaded area) is well separated from the far more abundantly produced Do +. K-e+u decays. 
The right hand side shows a measurement of the form factor in the same Do ---$ 7r-e+v decay 
and the line is a fit to the simulated data using the parameterization f = f (0)e"q2.  Table 3 
shows the expected precision in branching fraction B for some important semileptonic decays 
with CLEO-c for an integrated luminosity of 3 fb-' and the comparison with PDG 2000 values. 

Table 3: Expected precision in the branching fraction B for important semileptonic decays ,with 
CLEO-c and the comparison with PDG 2000 values. 

Mode I (+&lG I I 
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The absolute branching fraction for a semilptonic D decay to a pseudoscalar can be combined 
with it measurement of the D lifetime TD to yield the total decay width: 

with ;JCq given by theory. Using eqs. 1, 2 and 3 and combining measurements from leptonic and 
semilept,onic decays make it possible to measure charm decays constants directly, without the 
assumption of 3-generation unitarity, and to then determine the CKM matrix elements lVcdl 
and ~ l ~ . , s ~ ,  also without the unitarity assumption. Table 4 shows the expected precision in Vcd 
arid for CLEO-c with 3 fb-I of integrated luminosity. 

Tahle 4: 
PDG 2000 values. 

Expected precision in V,, matrix elements with CLEO-c and the comparison to  

- 6v I CLEO-c 1 PDG 2000 
V 

1.7% 

Detector Performance 

The performance of the current CLEO detector is well-suited to the CLEO-c physics program. 
In some sense the detector is overdesigned since it was designed for running at 4 = Y(4S). 
Both the tracking system and the calorimeter cover 93% of 47~ steradians, providing the near 
hermeticity important for efficient background rejection and missing mass analysis. The central 
drift, chamber has a fractional momentum resolution up/p = 0.35% at p = 1GeV/c and a 
D -+ KT mass resolution (I - 6.3MeV. The CsI calorimeter has excellent energy resolution, 
D J E  = 2.2% at E = 1 GeV and 5 - 7MeV 7~' mass resolution. The dedicated charged hadron 
identification system, a ring imaging Cherenkov detector [7] (RICH) that covers 83% of the 
full solid angle that is used in conjunction with d E / d z  measurements from the drift chamber, 
provides 10 - 200 sigma K/T  separation from 470MeV up to the kinematic limit for D decay 
daughters at CLEO-c collision energies. SMU built the RICH radiator and is eager to exploit 
the RICH for data analysis. 

7.2 Proposed Service Work at CLEO-c 
The SMU group on CLEO-c consists of SMU faculty Coan and Gao, and SMU postdoc Liu. 
Sh4LT group will continue contributing to the maintenance and operation of the CLEO-c detec- 
tor. Feng Liu will remain resident at Cornel1 and be in charge of constants for data processing. 

Sb4U gloiip proposes too continue their efforts in understanding the tracking systematic errors 
wit.11 the iiew CLEO-c configuration. Understanding tracking systematic errors will be essential 
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for the proposed precision measurements of charm branching ratios at  CLEO-c to be possible. 
With their expertise in CLEO 111, Liu and Gao will continue their tracking systematic study 
with CLEO-c. The physics topics which SMU group is interest in with CLEO-c all involve D+ 
decays. SMU group plans to lead the effort in the selection of exclusive D+ sample at. CLEO-c. 
This will be the starting point for all the precision measurements for D+ branching ratios at 
CLEO-c, including all the physics topics of SMU group's interest which will be described in 
detail in the following sections. The focused interests and efforts will allow the SMU group to 
have a larger impact in the collaboration as before. 

7.3 Proposed Physics Program at CLEO-c 

7.3.1 Measurement of fo 
Coan proposes to measure the charm decay constant fo using the mode D --$ p+vL,. In general, 
psuedoscalar meson decay constants can be determined by measuring lifetiiiies and lepton decay 
branching fractions, if the relevant CKM matrix elements are assumed to be well known f m i i  

the unitarity of the CKM matrix. Charm lifetimes are well measured at the 1-2% level. The 
major challenge of the analysis is to measure the leptonic branching fraction as precisely as 
possible. The overall goal is to measure Afo/fo at a precision of about. 2%. 

7.3.2 D -+ T(K)VV at CLEO-c 
Gao proposes to perform the first search for D ---f 7 r ( K ) v ~  at CLEO-c. D ---f 7 r ( K ) v ~  is another 
FCNC charm decay which provides good opportunities to search for new physics beyond the 
SM [8]. The SM prediction for this decay mode is about lo-'' or less [8]. Just like FCNC decay 
of Do --+ yy, this decay mode has never been measured before. 

Due to  the two missing neutrinos, the ONLY feasible place to search for this decay mode is at. 
a threshold charm factory like CLEO-c. The strategy is to reconstruct the entire e+e- + Do 
event except the two missing neutrinos. CLEO-c provides this extremely clean environment 
that allows such a demanding search to be possible. The idea is to  fully reconstruct one of the 
D meson produced and require the event has only one additional charged track. ~iothirig else 
30 million OD events and about 6 million 00 events with one D meson fullv reconstructed 
are expected from future CLEO-c data set. This gives us an idea of the signal efficiency for 
this decay mode. Gao estimates the rough sensitivity for D --t 7r(K)vP with CLEO-c data set 
to be around or less. Careful study of background with full CLEO-c simulation remains 
to be done to determine the precise sensitivity can be achieved in this decay mode. 
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8. OPAL Experiment at LEP 
The main goal of the LEP collider was to study the nature of the vacuum at, 
the electro-weak scale. LEP stopped running at the end of 2000 and the LEP 
detectors were dismantled. Physics analysis of OPAL data is expected to continue 
until 2004. 

0 W-boson Mass 
The precise measurement of mass of the W boson (30-35 MeV error) is one 
of the main parts of the LEP program. Between 1996 and 2000, LEP was 
operated at centre-of-mass energies above the WW production threshold, 
allowing for direct measurements of the W boson mass. The four LEP 
collaborations collected a total sample of around 40,000 W pairs. 
The most powerful method to measure Mw at LEP is to recnnstriict the \V 
decay products. Elisabetta Barberio developed a de-convolution technique 
to extract the W-boson mass from direct reconstruction, which is the most 
accurate method to  measure the W-boson mass at  LEP. This method is 
the main analysis for the final OPAL publication, which should be com- 
pleted by Moriond 2004. Various institutes participate in the Mw mea- 
surement (CERN, University of Munich, University of Chicago, Cavendish 
Laboratory-Cambridge and University of Birmingham) and two other ex- 
traction methods were developed, which axe now used as a cross check. 
The main effort of the LEP-wide mass group is devoted to understand arid 
minimize the systematic errors correlated between the LEP experiments. In 
fact, an error of about 30-35 MeV can be achieved only combining results 
from the four LEP collaborations. The combined value of Mw takes into 
account the correlated systematic uncertainties between the decay channels 
and between the different years of data taking. Hence, systematics errors 
correlated between experiments are the main source of uncertainty. 

Elisabetta Barberio convenes the LEP joint W mass group (60-70 people 
from the four LEP experiments) and coordinate the effort. betmeen the LEP 
experiments to ensure that the final LEP Mw measurement, is as precise as  
possible. Each of the four LEP collaborations has performed many studies 
on the assessment of systematic errors, her role is to co-ordinate the shar- 
ing of what has been learned and identifying new areas where collaboration 
between the experiments would be useful. She convinced the collaborations 
to use common Monte Carlo events to compare and to study the different 
approaches t o  the evaluation of systematic errors. Some of these compar- 
isons uncovered bugs and inconsistencies in the phenomenological models 

lthe experiments have now 10 Million of common events with different phenomenologiritl 
models 
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used by the individual experiments and demonstrated that all experiments 
have the same sensitivity to  the same models. Results of common stud- 
ies are presented and discussed in regular workshops on W physics at LEP 
(http://lepww.web.cern.ch/lepww/), held twice per year. She organizes the 
Mw session and co-organizes the workshops. 
Most of the common LEP studies concentrate on WW events where both W 
decay hadronically. This is the most frequent configuration at LEP (45% of 
the data sample) and the one with the best experimental resolution. How- 
ever. t,hese events are characterized by a significant bias (40-90 MeV) in the 
apparent measured W mass. The bias could arise if the hadronisation of 
the two W bosons is not independent, as assumed by standard Monte Carlo 
iiiodcls Two specific phenomena are known to exist, but with rather un- 
cert aiii strengths colour reconnection (CR) and Bose-Einstein correlations 
(BEC) Last summer the first limit from direct searches for these effects 
appeared, and she transferred the results into the mass combination. Pre- 
vious combinations have relied upon theoretical expectations, which have 
large uncertainties. This new data driven approach achieves a more robust 
uncertainty estimate at the expense of a significantly increase of this sys- 
tematics error (90 MeV with respect to 45 MeV). The averages presented 
at the Winter and Summer conferences appear in the annual electroweak 
preprint 

Elisabetta is contributing and co-ordinating the large of effort which is still 
going on to reduce the bias to 40-30 MeV, for a better exploitation of the 
WW hadronic channel. This resulted in a new method of analysis for the 
WW hadronic channel, which which decreased the sensitivity to CR and 
BEC (from 90 Mev to 30 MeV for CR and from 30 MeV to less than 15 
MeV for BEC) for about a 20% loss in the the statistical precision per 
experiment(from 50 MeV to 60 MeV). The method consist of decreasing 
the weight of low momentum particles (which are the most sensitive to 
BEC and CR) in the evaluation of the jet properties used to extract Mw. 
Most probably, this method will be used for the final LEP analyses. 
A b  <L beivi~e foi tlie HEP community, with other few people, Elisabetta 
provides the W mass averages for the main conferences and the PDG. 
She has been asked to review status of W physics at LEP at Physics In 
Collision, DESY Zeuthen, Berlin, Germany, June 2003. 

0 B physics 
Up to Summer 2002, Elisabetta Barberio co-ordinated the joint LEP lVcbI 
working group (http://lepvcb.web.cern.ch/LEPVCB), which has evolved 
into a LEP. BaBar, Belle, CDF, CLEO working group. The aim of the 
group is to combine individual experiments values, taking into account cor- 
relations and using the latest expfpjnental and theoretical inputs. Her role 
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is to ensure that experiments use consistent approaches based on the latest 
theoretical developments, to check the consistency of the results, to under- 
stand theoretical errors and how to control and minimize them in discussion 
with theorists. 
She still helps in providing the IV&/ and some of the semileptonic b-decay 
world averages for all the major conferences and the PDG. The programs 
and methods she developed for the (Vcbl  averages are still used by this new 
group, now led by a Babar physicist, Usr Langenegger (SLAC). 
In the year 2001 the PDG decided to add a section on CKM matrix elements 
and Prof. M.Artuso (Syracuse University) and Elisabetta Barberio have 
been asked to summarize the knowledge on (VcbI in a mini-review for the 
PDG 2002 and now also for PDG 2004. 
The limiting factor on the precise knowledge of l v c b l  is theoretical as 
for most of the other CKM matrix elements. With Dr. Achille Stocchi 
(LAL/Orsay) and Dr. Roger Forty (CERN) Elisabetta proposed a series of 
workshops on the CKM Unitarity triangle, whose goal is to review the sta- 
tus of the CKM elements and define a program for future (post B factories) 
studies in the sector. She co-organized the first workshop (http://ckm- 
workshop.web.cern.ch/ckm-workshop) and co-chaired the lVcbI, l v u b l  and 
lifetime session. 
At this first workshop all the relevant theorists and experimentalists in- 
volved in the CKM parameters extraction were present. This allowed a 
revision and update of the theory related to the extraction of lVct,I and 
IVubI, improving on the studies for the BaBar physics book. The highlight 
is the measurement of IVcbI with a 2% error using only LEP and CLEO 
semileptonic decays. The results of the workshop will be summarized in a 
CERN 'Yellow Report', and she is co-editing the part dealing with IVcb/, 

lVubI and lifetimes studies. 
The second workshop has been held in Durham in April 2003 (http://ckm- 
workshop.web.cern.ch/ckm-workshop/ckm-workshops/Default2OO3.htm). Also 
this time Elisabetta Barberio co-chaired the IVcbI, lVubI and lifetime session. 

Elisabetta co-chaired one of the b physics session at the ICHEP2002, the 
XXXIth International Conference on High Energy Physics in Amsterdam, 
the Netherlands, in July 2002. 
She has been asked also to review status of the CKM matrix element 1V-I 
measured at LEP from W-decays, at the Symposium on Quark mixing and 
CKM Unitarity, Heidelberg, Germany, September 2002. 

0 Since she joint SMU, she served on the following Editorial Boards for OPAL 
Physics Note and papers: 

hepph/0205163 is a longer. version of the @Per. 
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Measurement of Quartic Gauge Couplings using vvyy events 
ICHEP02 conference note 
Triple Gauge boson couplings in W+ W -  production at LEP 
ICHEP02 conference note 

Colour reconnection studies in e+e- + W+W- using particle flow 
ICHEPO2 conference note 
Measurement of Charged Current Triple Gauge Boson Couplings using W 
Pairs at LEP 
Sul)rriitt.c.d to  Eur. Phys. J. C 
A Study of W+W-y Events at LEP 
Submitted to Phys. Letts. B. 
Determination of the LEP Beam Energy using Radiative Fermion-pair Events 
EPS03 conference note 
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9. BTeV 

9.1 Introduction 

BTeV is a heavy flavor experiment proposed for the CO interaction region 
at FNAL’s Tevatron designed for precision studies of C P  violation, niixirig 
and rare flavor changing neutral currents decays in beauty and charm hadron 
decays. At a luminosity of 2 x cm-2sec-1 at fi = 2 GeV, the Tevatron 
will yield 2 x 10” b6 per lO’sec year and an order of magnitude more C E  

pairs. BTeV’s b6 yield is three orders of magnitude more than existing e-e+ 
machines and will permit access to higher mass states such as B,, B, and Ah 
that are unattainable by the lepton colliders running at the ‘Y(4S) resonance. 
BTeV has received strong endorsement from the FNAL program advisory 
panel and is now awaiting an evaluation by HEPAP’s P 5  sub-panel (due 8 
September 2003) prior to a final decision by the DOE. Assuming a positive 
DOE decision, construction would start in 2005 with data arriving ill 2009. 
BTeV would be the FNAL flagship experiment in the LHC era. 

The dominant mechanism for b quark production at Tevatron energies 
is gluon-gluon fusion. If the gluons have different Feynman-x, then the b- 
6 system gets boosted along the direction of the higher momentum gluon. 
Hence, the Tevatron acts effectively as an asymmetric gluon-gluon collider . 
Additionally, there is a strong correlation between B-meson momentum arid 
pseudo-rapidity q E - ln(tanO/2), where 8 is the angle that the hadroii 
containing the b quark makes with the beamline. B-mesons emitted close to 
the beamline have a large ,+y factor. The upshot is that, unlike “high” p t  
detectors like CDF or DO, the optimum shape for an experiment like BTeV 
that triggers off of vertices detached from the primary interaction vertex is 
a “far forward” one, similar to  the shape for a fixed target detector. 

Figure 1 shows the BTeV detector. Its polar angle acceptance is from 
10mr to  300mr. Particles are produced at the center of BTeV’s analysis 
magnet which deflects particles vertically in its 1.5T dipole field. The par- 
ticles first intercept the pixel detector, a set of 30 “doublets” of silicon pixel 
planes used for triggering and momentum measurement. Afterwards, the par- 
ticles intercept a forward tracking system (silicon strips and straw tubes), a 
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Figure 1: Schematic of the 1-arm BTeV spectrometer. 

ring-imaging Cherenkov (RICH) detector for charged. particle identification, 
a lead-tungstate electromagnetic calorimeter and then finally a muon counter 
built from proportional tubes. 

The forward tracker system provides high precision momentum measure- 
ment for tracks found in the pixel system, to reconstruct and measure all 
paramcters for tracks that do not pass through the vertex detectors (such 
as  h’, and A’ tracks), and to project tracks into the FUCH, electromagnetic 
calorimeter and muon system. 

Physically, each of the seven straw tube tracker stations is built from 3 
“views” each of 3 close-packed layers. These views provide measurements 
of a track’s X, U and V coordnates, where the stereo views, U and V, are 
at angles f11.3’ with respect to the Y bend coordinate. Individual straws 
are currently 4mm in diameter with a 25pm anode wire. To reduce occu- 
pancy. t,he majority of anode wires are electrically split through the use of 
a dielectric capillary that fuses together anode wire halves. The total num- 
ber of physical straws is approximately 30,000 while the number of readout 
channels is approximately 60,000. The entire system spans - 7 m  in length 
and provides polar angle coverage from about 10 mr to 300 mr. 
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Table 1 summarizes key features of the 1-arm baseline design for the straw 
tracker. 

Table 1: Straw tracker properties for the 1-arm baseline design. 

Property Value 
Straw diameter 4 mm 
Total stations 
Z position (cm) 
Half-length (cm) 
Views per station 
Layers per View 
Total number of straws 
Total straw thickness 
Total readout channels 

7 
96, 138, 196, 288, 332, 382, 725 
27, 41, 61, 88, 102, 116, 197 
3 
3 
29,088 

53568 
0.9% XI) 

Readout ASDQ-like + timing chip (6 bits), sparsified 

9.2 SMU Role in the BTeV Straw Tracker 

The SMU BTeV effort is led by Professor Thomas Coan with the assis- 
tance of Dr. Michael Hosack. The precise division of labor and responsi- 
bilities for the construction of the actual straw chambers is not final but 
preliminary plans are condensing so that a minimum effort can be estab- 
lished. The overall construction plan is to have sites responsible for both 
straw and anode preparation, module assembly sites (a module is a set of 48 
straws), a so-called half-view site where a half-view is a superset of modules 
and is the largest set of contiguous straws. Additionally, there will be sites 
for electronics design and construction, and overall metrology of anode wires. 

SMU is currently slated to be one of the “anode preparation” sites. Such 
a site is responsible for receiving anode wire and glass capillary tubes horn 
manufacturers, performing quality control, and production‘of completed an- 
ode wires at a rate sufficient to feed the next stage of straw chamber con- 
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struction. Quality control includes testing anode wire for diameter, surface 
finish, tensile strength and electrical conductivity. A completed anode wire 
is a set of individual wire segments fused together by one or more capillary 
tubes, depending on the overall length of the mating straw. 

The division of responsibility for slow control-like services to  the straw 
chambers and various monitoring tasks is more specific than for actual cham- 
her construction. SMU has, so far, taken formal responsibility for the straw 
higli voltage (HV) and low voltage (LV) distribution systems, design of straw 
anode aging and gas drift velocity monitoring chambers, and design of a 
“weather” (temperature, pressure and relative humidity) monitoring system. 

The straws are susceptible to aging effects due to  radiochemistry inside 
the active volume of the straws, particularly for those straws near the beam- 
line. The effect on wire gain and efficiency will need to be monitored. Ad- 
ditionally, variations in the drift velocity of the straw fill gas can adversely 
affect. the spatial resolution of individual straw channels so this this will need 
tu be monitored. 

Finally, environmental conditions will need t o  be monitored since it is 
well known that drift velocity is a function of temperature and pressure. 
The straw tubes themselves are also mechanically sensitive to the ambient 
relative humidity so appropriate monitoring in order to trigger preventive 
measures needs to be done. 

9.3 Straw Tracker Front End Buses 

A practical design for the front end electronics of the straw tube tracker 
is especially problematic due to the high density of the straw tube channels 
implied by the 4mm straw tube diameter. SMU has focused on designing 
the low voltage (LV) and high voltage (HV) buses for distributing HV and 
power to the straw front end electronics and anode wires. The dearth of 
usable space makes the problem non-trivial. 

Fig 2 is a cross-sectional view of a portion of the straw tracker station 
support, frame closest to the front end electronics. The HV and LV buses are 
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printed circuit board material with appropriately shaped traces attached to 
the bottom and top flanges, respectively, of the support frame. 

Additionally, since the dimension of the support frame transverse to the 
beam direction increases linearly with distance from the interaction point, 
the bus length must also increase accordingly but in such a way to minimize 
ohmic losses for the LV bus, which could cause unacceptable supply voltage 
droops to  the front end amplifier/discriminator cards, and to minimizc thr 
likelihood of arcing for the HV bus. 

- 

Figure 2: Cross-sectional view of a portion of the straw support frame show- 
ing the location of the HV (bottom flange) and LV (top flange) buses. Front 
end electronic cards have been removed for clarity. 

The LV bus topology turns out to be particularly simple. A set. of  parallel 
traces is dimensioned to minimize Ohmic losses that would cause unaccept- 
able voltage droops to  the front end amplifier/discriminator cards. Also, the 
bus trace geometry must be consistent with that of commercially available 
connectors so that power can be delivered from the bus to the front end am- 
plifier/discriminator cards. The HV bus is dimensioned to  minimize the risk 
of arcing should one trace be inadvertently shorted to ground. Fig 3 shows 
some detail of the HV bus at the frame end where the bus will connect to the 
external HV cable. For both buses, compatible connectors at the frame end 
attach to cables that bring in LV and HV from off the detector. Traces ~uid  
connectors for both buses have been tested for of breakdown voltage, voltage 
droop, and overheating and found to be satisfactory. 
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Figure 3: Unfolded support frame showing detail of the HV bus (upper half 
of picture) at the support frame end. The bus geometry and edge connector 
are shown. 

9.4 BTeV Straw Weather 

Environmental conditions (relative humidity, temperature and pressure) 
affect the performance of straw tube trackers so monitoring them to either 
correct raw data or initiate some preventive measure to  protect the tracker 
is necessary. SMU has assumed within BTeV responsibility for monitoring 
the ”weather” for the straw tube tracker. 

The cathode surfaces of the straw tubes are made from kapton, a material 
suscept.ihle to changes in the relative humidity of the local atmosphere. After 
absorbing water, the kapton swells and gravity can cause the kapton wall 
to sag sufficiently so that electrostatic forces can pull it into the positively 
cha,rged anode wire, destroying that straw channel and likely shorting out 
rieighhoriiig channels. The sag can also distort the shape and hence the drift 
electric field inside the straw, worsening the spatial resolution of the straw. 
Although cathode materials other than kapton may eventually be used and 
so lessen the straw tracker’s susceptibility to humidity changes, BTeV plans 
to monitor the relative humidity of the atmosphere immediately surrounding 
the 26,000 physical straws of the straw tracker with the intention that if 
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the relative humidity increases to a dangerous level, the high voltage to the 
anode wires will be turned off. 

We have identified reliable and precise relative humidity (RH) and tem- 
perature sensors with sufficiently small footprint that it could be located 
adjacent to the straws. The sensors (Sensirion SHT15, SHT75) measure RH 
by sensing the change in shape and hence capacitance of a water sensitive 
plastic-based capacitor in an oscillatory circuit. (Fig 4 shows the sensor.) 
The device can be read out remotely via RS232 making it suitable for a 
slow control monitoring system. The precision and accuracy of the sensor 
were verified by using a standard technique that places the sensor in a closed 
volume of known relative humidity produced by the vapor from a saturated 
aqueous solution of specially chosen inorganic salts held at constant temper- 
ature. Fig 5 shows the simple test setup. One remaining issue is the overall 
radiation robustness of the monitors. We plan to test the radiation resistance 
of the sensors in a test beam later this year, either at FNAL or the Jefferson 
Laboratory. A complete systems design including the monitoring software is 
not complete. 

Figure 4: Photograph of the relative humidity and temperature sensor pro- 
posed for the BTeV straw tracker system. The active element is at the bottom 
of the assembly. 

The final drift gas for the BTeV tracker is not yet decided. However, since 
the drift velocity, and hence resolution, is dependent on the reduced electric 
field (the ratio of electric field to pressure), monitoring the pressure in the 
CO interaction region is necessary. We have identified a barometer (Vaisala 
PTB220) with sufficient accuracy (A150 ppm) and stability ( f O . l  hPa/year) 
that seems acceptable for a broad range of drift gases (e.g., Ar/Ethane 50:50, 
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Figure 5: Simple test apparatus used to calibrate the relative humidity sensor 
proposed for the BTeV straw tracker system. 

Ar/C02 80:20, etc.) Its serial 1/0 interface makes it suitable for a slow 
control/monitoring system. Its radiation resistance has not yet been tested 
but, unlike the humidity monitors, a systems design for the straw tracker’s 
environmental monitoring can accommodate a barometer location in a low- 
radiation region. 

9.5 Drift Velocity Monitor 

The drift time is the principal raw parameter measured by the straw 
tracker. (BTeV does not plan to make any dE/dx measurements.) Corre- 
spondingly. an accurate knowledge of the drift velocity is vital. BTeV plans 
t,o monitor the drift velocity of the fill gas by continuously measuring it with 
a special chamber that uses the exhaust gas from the actual detectors. We 
are now designing a prototype drift velocity monitoring chamber. 

The working principle of the chamber is straightforward. A pulsed nitro- 
gen laser injects a short pulse of light into a chamber filled with the drift 
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gas under study. A suitable electrode structure produces a uniform electric 
field in the “drift” region of the chamber. At the end of the drift region is 
a “magnification” region where the drifting electrons undergo multiplication 
due to the the standard principles of gas amplification. By injecting the laser 
light at just two positions separated by a known distance, the drift, velocity 
is just that distance divided by the differences in drift time for the electrons 
produced at these laser light locations. 

We have tested with a fast photodiode that the pulse duration of our 
nitrogen laser (Spectra-Physics VSG337ND-S) is short enough (- 3 nsec) 
that the spread in arrival times for our two sets of drifting electrons is small 
compared to the anticipated overall drift times in the chamber. (We plan to 
drift the electrons over a distance of 2 cm or so.) 

We plan to use germanium-coated Kapton produced by Sheldahl, Inc. for 
four of the walls of our parallelepiped-shaped drift chamber. We verified that 
this material has a resistivity compatible with the N 1.5 mA current sourcing 
capability of our 20-kilovolt power supply (Matsusada Precision S30-2ON). 

We are currently working on the detailed mechanical design od the cham- 
ber as well as the design of the readout electronics attached to the wires of 
the amplification region. The chamber will eventually be controlled by a 
LabView program so that the laser pulses and the drift electric field can he 
automatically altered. We have purchased and tested various National In- 
struments control boards for both control of the laser and the 20-kV power 
supply, as well as for monitoring ambient atmospheric pressure and temper- 
ature using the same instrumentation as that planned for the straw tracker. 
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10. Outreach 

10.1 Pedagogical Muon Lifetime Experiment 

A familiar underpaduate experiment to expose students to sub-atomic 
phenomena, relativity and various experimental techniques is a measurement 
of the muon lifetime. Although many universities already have such an exper- 
iment in t heir advanced undergraduate physics lab class, these experiments 
typically rely on NIM and CAMAC instrumentation borrowed or donated 
from the nuclear or high energy physics research groups in their department. 
Institutions lacking this type of research infrastructure typically have neither 
tlw funds. time or technical expertise to develop a similar experiment on their 
own. Coan and Ye have developed a low-cost pedagogical muon lifetime ex- 
perilllent suitable for both high school and university-level instruction that 
dispenses with NIM/CAMAC instrumentation and uses instead custom built 
electronics based on commercially available low-cost integrated circuits. 

The instrument uses a single plastic scintillator viewed by a single pho- 
tomultiplier tube (PMT), as opposed to multiple scintillators and PMTs in 
niore conventional approaches. The readout electronics uses a single-side 
readout board that incorporates a transimpedance amplifier, discriminator, 
a field programmable gate array (FPGA) configured as a time-to-digital con- 
verter (TDC) with 20 ns per bin timing resolution, and serial and USB 
communications protocol interface circuitry for communication with a PC. 

The readout board measures the time between the emission of scintil- 
lation light produced by a muon entering the scintillator and the emission 
associated with its subsequent decay. Histogramming and then fitting this 
t i i i i c i  tlistrilnition vields the muon lifetime. Appropriate timing gates limit 
t lw i\.ccldeI~t~;;ll count. rate from through going but non-stopping muons and 
the built,-in data fitter performs background subtraction. Circuitry exists 
to double pulse a light emitting diode embedded in the scintillator to cross 
check the timing performance of the FPGA-based TDC with an oscilloscope. 
Simulation software allows the user to simulate muon decay with arbitrary 
lifetime to check the robustness of the curve fitter. 
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The control, data acquisition and curve fitting software is written in the 
freely available Tcl/Tk scripting language and source code is provided with 
the instrument for instructional purposes. The mechanical housing, elec- 
tronics and all data acquisition and analysis software are all developed at 
SMU. 

A block diagram of the readout electronics is shown in Fig 1 and a figure of 
the complete instrument is shown in Fig 2. Fitted data with the instrument 
is shown in figure 3. The fitted lifetime is less than the free space value 
of 2 . 2 ~ s  because of the well-known effect that negative muons, in addition 
to  their spontaneous decay, can also undergo nuclear interactions after first 
binding in atomic orbitals around scintillator nuclei. 

Figure 1: Block diagram of the readout electronics for the SMU muon lifetime 
detector. 

Figure 2: The SMU muon lifetime experiment. The cylinder contains the 
scintillator and PMT. Readout electronics are contained in the box. 
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Figure 3: Distribution of muon decay times measured with the SMU peda- 
gogical muon lifetime experiment. The fit value is less than the free space 
value due to the interaction of negative muons with scintillator protons. 

10.2 QuarkNet 

The QuarkNet program at SMU started in 2001. Initially, only 3 teachers 
were involved. Two of them travelled to CERN with Richard Stroynowski to 
participate in ATLAS work. The CERN visit was very successful and gen- 
erated substantial publicity for the program. In the following years we had 
to limit the number of teachers accepted into the program to 18 in 2002 and 
16 in 2003. The core lab activity for the Summer 2003 Quarknet workshop 
at. SMU involved 16 high school teachers soldering muon lifetime readout 
hoe.rds and electronically exercising them. Four lifetime detectors were com- 
pleted. An agreement has been reached with Teachspin, Inc., a vendor of 
physics instructional apparatus, to make the complete instrument commer- 
cially available and to demonstrate it at the national meeting of the American 
Association of Physics Teachers in August 2003 in Madison, Wisconsin. 
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11. Budget Explanation 

The budget reflects the expansion of the SMU responsibilities in ATLAS with 
undiminished activities associated with CLEO and a start of an R&D work on fast data 
links and on BTeV. It includes two months summer salary for the three professorial 
faculty and for the senior research staff and the continuation of the support of the 
electronics engineer and a computer manager. 
We request an addition of two postdoctoral fellows to the ATLAS project to initiate work 
on software related issues and to work on the link installation and commissioning. 
Cornell expenses reflect SMU contribution to the CLEO Collaboration “night shifters” 
that are hired at Cornell to assist in data collection. ATLAS expenses reflect the salary of 
Barberio who is paid at CERN via an ATLAS Agreement. The cost of telephone services, 
CERN hostel, computer equipment, small tools and supplies needed at CERN are also 
included. 
Travel expenses reflect the experiment related travel and are based on past experience. 
ATLAS travel is dominated by trips to CERN for the Liquid Argon meetings and for the 
Collaboration meetings. Presence of Stroynowski(US LAr Level-2 manager) and 
Ye(Optica1 Links group Coordinator) at these meetings is necessitated by their respective 
ATLAS responsibilities. Additional foreign travel costs will be incurred by travel of the 
graduate students for the beam tests at CERN in summer of 2004. We estimate that a 
minimum of 4 trips to CERN per year is needed for each person involved in the 
experiment. We use the ATLAS Project Office guidance for the cost of living adjustment 
for postdoctoral fellows located at CERN. 
Domestic travel is dominated by the trips to Ithaca, NY for the CLEO work, to Fermilab 
for the BTeV work and to BNL for the ATLAS meetings and tests of electronics. 
The costs of laboratory supplies are: $5,000 for the ATLAS opto-electronics lab and 
$10,000 for the BTeV straw lab. These are for small tools, PCB fabrication and 
components. 
We plan to replace the desktop computers and printers during the next three years. 
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PROGRESS REPORT AND PROPOSAL: THEORY TASK 

OVERVIEW 

0.1 SMU Theory Group Members 

0 Gary McCartor, Professor 

0 Fred Olness, Professor, Chair, PI 

0 Vic Teplitz, Professor 

0 Kent Hornhostel, Associate Professor 

0 Roberto Vega, Associate Professor 

0 Pave1 Nadolsky, Postdoc 

0 Stefan Berge, Incoming-Postdoc 

0 Randall Scalise. Senior Lecturer 

0 Jusak Tandean, Visiting Assistant Professor 

0 Eliana Vianello, Ex-Graduate Student (Ph.D. in 2003) 

0 Sophia Tchabycheva, Graduate Student 

0 Bryan Gibbs, Graduate Student 

The theory group at SMU consists of five faculty: Hornbostel, McCartor, Olness, Teplitz 
~ i i d  Vega. At present, Professors McCartor, Olness, and Teplitz are supported under the 
present gTant; Hornbostel and Vega plan to submit separate proposals in the near future. 

Postdoc Pave1 Nadolsky joined the group in September 2001. Postdoc Stefan Berge will 
join the group in October 2003. Senior Lecturer Randall Scalise is a permanent member 
of the department, and is active on CTEQ and outreach related issues. Visiting Assistant 
Professor Jusak Tandean joined the group in August 2002. Nick Kidonakis was a Visiting 
.4ssistant Professor during the 2001-02 year, and he is now at Cambridge. 

Graduate student Eliana Vianello completed her Ph.D in May 2003 under the supervision 
of McCartor. Jack Daeschler completed his MS degree, and works for General Dynamics 
in Fort Worth, TX. Sophia Tchabycheva and Bryan Gibbs are graduate students with the 
theory group. 

The salaries of Scalise, Tandean, and the graduate students are paid from SMU teaching 
funds. The salary of Nadolsky is paid with grant funds. 
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0.2 Synopsis of Activities 

0.2.1 NICCARTOR 

McCartor works on nonperturbative methods. The principal goal of the work is to produce 
useful calculations of Hadron bound states. If successful, the method could also be applied 
to many problems such as proton structure in grand unified theories. During the past sev- 
eral years he has worked to develop practical nonperturbative methods using the light-cone 
representation. His work has focused on two specific aspects of the problem: finding the 
induced operators (the problem of vacuum structure, condensates and associated plienom- 
ena) ; and developing an effective method of regularization and renormalization. The early 
work was on problems in two dimensions and very simplified models in four dimensions. but 
has progressed to current calculations in QED. There has also been some recent, work oil 
induced operators in QCD. Many problems have been encountered and, so far, overcome. 
so that the QED calculations seem very successful. In this proposal, a fairly specific set of 
problems on models simpler than QCD is proposed, to be followed by calculations on QCD 
bound states. QCD presents great challenges; some of those which are known are discussed 
and the methods to be used to address them are described. In spite of these challenges there 
are some reasons for optimism that the calculations can eventually be made to succeed. In 
addition to the work in the light-cone representation, McCartor has worked on more general 
questions of gauge invariance and implementing classical symmetries into quantum systems. 
That work is proposed to continue. All this work has been done, is being done aiid will be 
done in collaboration with many researchers around the world. 

0.2.2 OLNESS 

Olness is active in the CTEQ collaboration, and makes frequent trips to Fermilab to main- 
tain research ties with both theorists and experimentalists in the NuTeV, DO, and CDF 
collaborations. He is also a member of the LHC ATLAS collaboration. At SMC. Oliiess 
collaborates with Nadolsky, Teplitz, and Scalise. He has extensively studied the heavy quark 
production processes, and has recently released the CTEQ6HQ PDF set. Separately, he has 
incorporated the CCFR/NuTeV dimuon data into the CTEQ global fitting analysis which 
generates the widely used parton distribution functions. The dimuon data will be an iiii- 
portant component of the next generation CTEQ7 distributions. In particular, this analysis 
may shed some light on the strange quark sea distributions, which has implications for the 
extraction of sin(& ). Olness and collaborators developed the “ACOT” scheme for com- 
puting processes involving heavy quarks; this work has been used in the analysis of CCFR, 
CHARM-11, and NuTeV deeply inelastic scattering data. Encouraged by the leptoproduction 
results, this work was extended to the hadroproduction case applicable for Fermilab R ~ i i  I1 
and LHC. On the theoretical side, a “Simplified-ACOT” formalism has been developed to 
facilitate higher order calculations. Specifically, the S-ACOT scheme has now been merged 
with the CSs resummation formalism to allow resumination of the qT logarithills for iiicwivo 

quarks. 

0.2.3 TEPLITZ 

Teplitz, over the past few years has collaborated with Olness, Rosenbaum, Scalise, Stroynowski, 
Vega, two graduate students, and an undergraduate student, within the Department, and, 
outside the Department, with workers from SMU geology, Purdue, JPL, William and Mary, 
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Virginia Tech, the University of Texas, MSU, Maryland, Tel Aviv, Southwest Research In- 
stitute, and Oklahoma. His work, in this period, falls in three categories: exotic matter 
(6 papers): other particle physics (4 papers); and solar system physics (2 papers). Recent 
work of note includes: explaining the MACHO events with mirror matter; detailing possi- 
ble searches for SIMPS - new neutral, stable, strongly interacting massive particles (on the 
basis uf which an accelerator inass spectrometry experiment was performed at Purdue); and 
coiiipiit.iiig finite density corrections to energy loss into Kaluza-Klein modes in astrophysical 
p1;tsmas. 

0.2.4 NADOLSKY 

Pave1 Nadolsky studies strong interactions within the framework of “The Coordinated Theoretical- 
Experimental Project on QCD” (CTEQ). His recent work includes the CTEQ6 parton dis- 
tribution functions; the HEP community finds this work particularly useful (hence, the 100+ 
citations) as these distributions allow estimates of PDF uncertainties in QCD predictions for 
high-precision reactions. Nadolsky also used the PDF analysis tools to impose constraints 
011 tlic> supersyiniiietry parameter space using hadronic data sets. Nadolsky has worked 
est riisivcly on 811 all-order summation of large logarithmic terms in perturbation theory: 
iiut,al)ly, in deep-inelastic scattering, and the production of electroweak bosons. His results 
on the traiisverse momentum resummation are critical for the accurate measurement of the 
W-boson mass at the Tevatron Run-11, as well as studies of spin-dependent parton distri- 
butions with polarized proton beams at the Relativistic Heavy Ion Collider (RHIC). He has 
calculated the major contributions to the QCD backgrounds for Higgs boson production, 
and introduced a novel formalism to accurately describe distributions of heavy quarks in 
deep-inelastic: scattering processes. Nadolsky has presented invited talks at the Electron- 
Ioii Collider Workshop (Brookhaven National Laboratory) and the 4th Circum-Pan-Pacific 
Syinposium on High Energy Spin Physics (SPIN’2003), as well as a number of seminars. 

0.2.5 BERGE 

Stefan Berge works on perturbative calculations in high energy particle collisions at present 
hadron and future linear colliders. An exiting feature of future linear electron colliders is 
the possibility of the photon-beam option. By backscattering photons from the initial state 
electrons, photon beains of high luminosity and and high energies (up to 80% of the initial 
electron energy) can be reached. For these colliders, Berge has done calculations in the 
Staiidard Model, and its ininimal supersymmetric extension. His has also preformed work 
in the systematization of such higher order calculations. 

0.2.6 SCALISE 

Rsliidall Scalise had been a Visiting Assistant Professor at Southern Methodist University 
from 1995 until 1999, and a Lecturer from 1999 to 2001. He is now a Senior Lecturer in 
Physics. charged with teaching courses and with undergraduate laboratories instruction; this 
is a permanent non-tenure position. Scalise has been actively maintaining the CTEQ on-line 
resources including the web page (cteq.org), the PDF repository, the CTEQ Handbook, as 
well as collaborating with Olness on the CTEQ Pedagogical Page. Together with Hornbostel, 
Scalise inaintains a 36+ node Condor cluster which makes spare CPU cycles from the teaching 
computers available for research use. Scalise recently used this facility in collaboration with 
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Nadolsky to analyze spin-dependent weak boson production at the Relativistic Heavy Ion 
Collider (RHIC). Scalise is also very active in our outreach programs. He presents many 
“Physics Circus” demonstration shows per year, serves as co-director for the Dallas Scieiice 
Fair, plays a leading role in the QuarkNet program, and initiated our new “Debunking 
Pseudoscience” course. 

0.2.7 TANDEAN 
Tandean’s research concentrates on the theoretical study of CP violation, which addresses 
differences in behavior between matter and antimatter in nature. The source of this obscure 
phenomenon remains one of the unsolved mysteries in physics, and its resolution would 
reveal whether CP violation arises exclusively from presently known physics or whether new 
forces that are still unknown must also be present. Tandean has been active in exploring 
possible new ways to  observe CP violation in various processes involving hyperons, kaons, 
and B-mesons, which would help improve our understanding of its nature and origin. His 
collaborators include G. Valencia (Iowa State U.) and S. Gardner (U. of Kentucky). 

0.2.8 HORNBOSTEL 

Hornbostel works with collaborators at Cornell, Ferniilab, Glasgow, OSU aiid SFU, develop- 
ing and employing a variety of new tools in lattice QCD with the aim of producing a range of 
phenomenologically relevant calculations with accuracies within a few per cent. These tools 
include improved Lagrangians, more efficient lattice perturbation theory, effective actions for 
nonrelativistic systems, and better fitting methods. The intention is to apply these nietli- 
ods to c and b-quark systems in conjunction with the CLEO-c experimental program. This 
effort should lead to significant improvements in the errors of CKM elements and a variety 
of heavy-quark static and decay parameters, and possibly the identification of exotic states. 
The group has produced calculations of as and the the b-quark mass which are among the 
most accurate in the world. Hornbostel will not submit a report in this docuiiieiit, but plans 
to submit a separate proposal shortly. 

0.2.9 VEGA 

Vega is our resident Higgs hunter. He has been active in refining search strategies for 
Higgs discovery at an upgraded Tevatron, the LHC, and the Next Linear Collider. His 
interests include SUSY as well as Non-SUSY models of electroweak symmetry-breaking. 
More recently Vega has been involved in the study of Effective Lagrangians for the model 
independent parametrization of physics beyond the standard model. He is also working on 
novel approaches for determining neutrino masses. His collaborators include D.A. Dicus (UT 
Austin), J.F. Gunion (UC Davis), and J. Wudka (UC Riverside). Vega will iiot submit a 
report in this document, but plans to submit a separate proposal shortly. 
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Gary McCartor: Progress Report and Proposal 

1.1 Introduction 

For several years we have been working on quantum field theory in the light-cone represen- 
tation [l-351. While the work illuminates and has possible application to several areas of 
yuantuni field theory, the principal objective is to develop a useful technique for performing 
bound state calculations in quantum field theory, especially QCD. Probably the three most 
often quoted reasons for thinking that the light-cone representation might provide a useful 
framework for performing bound state calculations in quantum field theory are: boost in- 
variance; a much less complicated vacuum; and much simpler eigenstates. The point about 
boost invariance is just the fact that boosts in the z-direction are kinematical in the light- 
cone representation and indeed, the method has the largest number of kinematical Poincar6 
generators possible. The last two properties on the list are related and, from the point of 
view of our work, are the important advantages. Below, I will try to explain in more detail 
what these two properties are and why they are so important to our work. While there are 
these advantages to the light-cone representation, there are also problems which either do 
not occiir in the equal-time representation or are different in form. Two of these problems, 
which inust be solved if the light-cone representation is to be used for successful calculations 
ill QCD. are the prohleni of induced operators [5,12,19] and the problem of regularization 
and renormalization. These are difficult problems and it has taken a number of years to 
achieve the degree of understanding of them that we have today. I shall try to show in this 
proposal that we have achieved a great deal of understanding and that, as a result of that 
wok, we will soon be in a position to attempt QCD calculations with some justified hope 
of success. 

The problem of induced operators is the problem of vacuum structure and condensates. 
The realization that there are severe kinematical restrictions on states that can mix with 
the perturbative vacuum to form the physical vacuum provided perhaps the main reason 
for the original interest in the light-cone representation. It was once thought that there 
were no states that could mix with the bare vacuum so the bare vacuum had to be the 
physical vacuum. That made it difficult to understand how theories for which vacuum 
condensates form an essential part of the physics could be represented in the light-cone 
representation. Siiice QCD is surely such a theory, it has been necessary to resolve the 
question of how vacuum structure and condensates do appear in the light-cone representation. 
I believe that our work has resolved all the conceptual questions [5,8,10,12,13,15,19,21- 
24,26,27,33-351 and has provided a complete analysis for some theories which do have 
condensates. On the other hand, a practical recipe for including the necessary structure in the 
light-cone representation of an arbitrary theory is not yet available and work is proceeding. 
For the particular case of QCD, some things are known but there are essential elements 
which not yet available and.are currently under development. In very broad outline the 
mechanism is as follows: quantizing in the light-cone representation usually involves solving 
differential constraint relations; the solution to these differential equations include integration 
-c.onst,a.nts” - -  operator valued functions of E+ and EL but not s-; these operators, when 
applied to the bare vacuum, provide states which are not kinematically prohibited from 
mixing with the bare vacuum and in some cases gauge invariance forces such mixing; while the 
extra states and operators are largely unphysical, integrating them out “induces” additional 
operators into the dynamics and gives rise to vacuum condensates. These operators are 
not “iiew” operators, they are just the manifestation in the light-cone representation of 

’~ 
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operators that are a standard part of the theory when quantized canonically at equal- the. 
These “induced” operators can be an important part of the dynamics and the standaid QCD 
phenomenology suggests that in QCD they will be numerically large. I believc t h t .  ill1 this 
past work has almost put us in a position to attempt a calculation in QCD including the 
induced operators, although there is still at least one task which must be completed before 
we can even attempt such a calculation with any realistic hope of success. In section 1.2 I 
shall try to provide a more detailed discussion of the induced operators and try to describe 
what we know about them, describe what work is ongoing and describe what must be done 
to allow an attempt at QCD. 

Since all theories of phenomenological interest are divergent, our calculations must in- 
clude a method of regularization and renormalization. To produce useful calculations the 
regularization and renormalization methods must respect the sacred symmetries of Lorentz 
invariance and gauge invariance. For several years Brodsky, Hiller and I have been try- 
ing to develop procedures for performing nonperturbative renormalization in the light-cone 
representation [2,4,6,9,18,20]; more recently we have also been collaborating with Franke, 
Prokhvatilov and Paston on the same topic [l]. The Basic idea is to add Pauli-Villars fields 
to regulate the theory in a way which preserves as many of the sacred symmetries as we can; 
were we must break these symmetries we must add counter terms. Only after the theory 
is finite do we truncate the Fock space so as to get a problem we can solve. Since there 
is a finite target which we hope to approximate, the validity of this last step is a questioii 
of accuracy rather than symmetry. If our approximate answer lies sufficiently close to the 
answer which preserves the symmetries it does not matter if the siiiitll difference 1)ied.ks  lie 
symmetries. Most of our studies so far have been on Yukawa-like theories so that we have 110 
infrared problem to face and we do not have to worry about protecting gauge symmetries; 
some of our current calculations are also in Yukawa theory. We have learned a number of 
lessons from these studies and have improved our methodology considerably since the first 
calculations. In order to make further progress it has become necessary to attempt a problem 
to which we know the answer. We are currently performing nonperturbative calculations of 
the electron’s magnetic moment [l]. The first phase of these calculations is nearly complete: 
I believe that the results, so far, are very satisfactory but we have had to overcome several 
difficulties in order to produce results that are even sensible. In the QED calculations we 
do have to deal with the infrared problem and with abelian gauge invariance. In section 
1.3 I shall try to provide more details on the method of nonperturbative regularization and 
renormalization we are developing. I shall also describe further the lessons we have learned 
from the studies of Yukawa theories. I shall specify what problems we have had to overcollie 
in the QED calculations and describe how successful the current calculations are. I shall 
also provide a description of other calculations which are currently being done. 

Before we attempt QCD I believe that there are two more “practice” problems that we 
must do: we must extend our QED calculation to include a larger portion of the representa- 
tion space and show that our answer improves appropriately when we do that; and we must 
do a calculation of a Fermion - Fermion bound state in Yukawa theory (so far, most of oitr 
calculations have been for “dressed” one-Fermion states). These calculations are in progress 
and will be described in section 1.3.1. When these are done I believe that we will be ready to 
attempt calculations for Hadrons. QCD presents special challenges which we have not had 
to face in the studies we have done so far. I believe that the two most important of these 
challenges are finding and using the induced operators and maintaining the nonabelian gauge 
invariance. In Section 1.3.2 I shall discuss these problems in more detail and try to specify 
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how we shall attempt to solve them, at least in our initial effort. Based on past experience 
I do not expect that initial attempt to be entirely successful; none of our past efforts has 
Ixen cornpletelv siiccessful on the first attempt and we have had to learn how to make them 
successful. I am very hopeful that we will learn how to make the QCD calculation successful 
in that they will produce useful descriptions of Hadrons. 

In Section 1.5 I shall provide a fairly detailed accounting of the proposed research. In 
Section 1.6 I shall provide a list of seminars, conference talks and other service performed 
during the past three years. 

1.2 Induced Operators 

In this section I shall try to explain what an induced operator is, try to say why they are 
iniportant and try to say what we know about them. Since the subject may be unfamiliar I 
will describe the best-studied case, the Schwinger model, in some detail. 

First, let us see that there are induced operators in the exact solution, In light-cone 
gauge, the Lagrangian for the Schwinger model is given by [12] 

1 
4 

L = iGy”Ba,\k - -FPvFPv - A” Jp - XA+ - pG\k 

The operator solution at p = 0 is given by [5,12,17] 

2 
A,  = -B+(q m + 2) 

= mB+(rl- 4) 
Here. 2 is a massive pseudoscalar (free) field - the physical field which creates the Schwinger 
particle. $ is an auxiliary positive metric field while q is an auxiliary negative metric field. 
The fields, 7 and 9, which are independent of z-, will be of special interest to us here. It is 
important to understand that while the solution is in light-cone gauge, it is not (necessarily) 
in the light-cone representation. As written, it is representation independent; this solution 
will be found by quantizing on t = 0, on 2- = 0 or on z+ = 0, we will simply have the free 
fields quantized on the chosen surface. If we quantize at t = 0 (or on z- = 0) no special care 
is needed to include @ and 7 in the solution; they will automatically be included by using 
standard techniques. It is clear, however, that if we are to include them in the solution when 
cliiiultizing on J-+ = 0. which we must do if we are to get the correct answer, some care must 
be takeii. 

Before discussing how the z--independent fields appear in the light-cone representation, 
let me briefly discuss what their role is in the solution - that is, what bad things will 
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happen if we leave them out. r ]  changes the singularity in the Q+ two-point fuiiction froiii 
an unacceptable e-2y&*, if we keep only the 2 field, to the correct &. 4 and r ]  are 
the only fields in the problem which carry a charge, so leaving them out would be doing 
electrodynamics without charges. Finally, 4 and q provide the only operators that create 
states that can dress the bare light-cone vacuum. As is generally known, the Schwinger 
model has a one-parameter vacuum ambiguity - the &ambiguity. All of the &states are 
dressed by operators from the 4 and 7 fields, but in the light-cone representation they are 
still far simpler than the corresponding vacua in the equal-time representation where they 
are more heavily dressed by 4 and r ]  and are also dressed by 2. If we leave out 7 or @ we will 
not be able to  form a &state and will therefore not be able to implement invariance under 
the large gauge transformations. If we include 9 and r ]  we can form a correct vacimm. and, 
for instance, can easily calculate the expected chiral condensate: 

The fields 4 and r] appear in light-cone quantization as integration constants. Light-cone 
quantization typically involves the solution of differential constraint relations and we must 
be careful with the boundary conditions. For the Schwinger model these coiistraiiit relations 
are 

2dZA+ = -J- 
ia-9- = 0 

Looking at the solution given above we see that r](x+) is one of the integration “constants” 
associated with solving the constraint equation for A- (the other integration “constant” 
is zero), while the entire field, a_, is the integration constant associated with solviiig the 
constraint equation for @-. There must be some principal which determines the value of these 
integration constants. It is that these fields should be canonical at space-like separations. It 
is best to think of it as follows: there is only one operator solution although it may be written 
in an infinite number of bases; if we quantize at equal-time we know we will have caiioiiical 
fields at space-like separations; changing the basis does not change the algebra. The thing 
that makes space-like separations special is that each point is causally disconnected from 
every other point. At light-like separations the algebra can become ill defined as  we see by 
looking at the full solution to the Schwinger model given above. While the principle we have 
just stated is the principle which fundamentally determines the integration constants, it can 
be very difficult to use in practice. We do not yet have a procedure which allows a practical 
implementation in the general case. That is why, as seen below, in some cases we are left 
with some guesswork in finding the induced operators. We continue to work to improve our 
methods and reduce that guesswork. 

So far, we have found that the integration constants are not generally zero but  we (lo iiut 
yet have an induced operator. That is because the integration constants do not change the 
spectrum of the Schwinger model. They will change the spectrum and we will find an induced 
operator if we add a bare mass to our Lagrangian and consider the massive Schwinger model. 
With a nonzero bare mass, p, the constraint relation for 9- becomes 

1 
2 

a_*- + i - p a +  = 0 

We solve this as [19] 
XP- = S!((z+) - 
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SO_ (T+) is completely determined by the combination of requirements that 9- be canonical 
at space-like separations: 

aiid the physical subspace requirement X(+)lS) = 0 where IS) is any physical state. Now, the 
operator, a@ will include a cross term, involving the integration constant, which will act in 
the physical subspace: 

$19 3 (!Po-*@+ + \k;\k!> 
This term leads to the linear growth of the mass squared of the Schwinger particle with the 
bare mass [19]: 

The part of which depends on the integration constant is an example of an induced 
operator. It is very important to understand that it is not a new operator: if we quantized 
at equal-time it would automatically be included in our Hamiltonian. The only reason for 
giving it the special name of an induced operator is that when we quantize on the light-cone, 
correctly including it in the dynamics requires that we take special care with the integration 
constants which are associated with the constraint relations - the operator, which acts in 
the physical subspace, is induced by the integration constants even though those are auxiliary 
fields. 

There will be such operators for many realistic field theories including QCD. They have 
not all been worked out. Here I shall give a proposal for one in QCD (121. I cannot give 
iiearly as coiiiplete a discussion for QCD as was possible for the Schwinger model and the 
a,rguiiieiits for the foriii of this operator are part analysis and part analogy. I shall not repeat 
the arguments which lead us to the operator (I believe that they are reasonable, but they are 
not conclusive and do not constitute a proper derivation or proof) but shall give the form of 
the operator. As in the Schwinger model, there will be one part of the 9- field which will 
be a functional of \k+ and another \k!! which will be an integration constant independent of 
2-. We initialize the field \k+ in the usual way 

Here, n is a color index. We can use these standard operators, b" ( I C - ,  - I C * ,  s) and d"* ( I C - ,  ICl, -s), 
to define 

1 
X!-'(n, IC*, s) = - 2  zG(k- ,n,  ICl, s)e-ikx- 

where 

00 

+ b"*(!, - k ~ ,  s)b"(k- + c,  -k1, s) - d"*(L, kl, -s)d"(k- + e, kl, -s) 
e 
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The cross term between the integration constant, Q'? and a+ will induce an operator that 
is a part of P- ,  that acts in the physical subspace, and that is given by 

Here, # is a constant which, in principle, is determined by the considerations given d b ove 
but which I do not know how to calculate so we will have to fit it to data. This operatoi. 
as it stands, is not gauge invariant. However, it is effectively gauge invariant in that there 
exists another form which is gauge invariant and which has the same action a5 the operator 
presented here when acting on gauge invariant states. 

The operator presented here is the induced operator coming from the term rn$* (if it 
is correct). There will be another induced operator coming from the term AlJ'. At the 
moment there is not even a proposal for that operator. I believe that the staiidard QCD 
phenomenology indicates that that operator will be numerically important to the calculation 
of light Hadron wave functions. We will therefore have to have at least a proposal for it befort. 
we attempt the QCD calculations proposed below. I am currently working with Sinion 
Dalley and Dave Robertson on that problem. Presumable there are other induced operators 
associated with gluons. I believe that these operators may not be very important for the 
calculation of light Hadron wave functions and at least some experts agree that that is likely 
to be the case [36]. For the QCD calculations proposed below we will use the operator given 
above and the one to be developed coming from the A l J l  term as the induced operators in 
our first attempt at QCD. 

In the references there is much discussion of the problem of vacuum structure in the 
light-cone representation. The difference between the case of periodic boundary conditions 
and the continuum is discussed and there is a discussion, much less complete than the one for 
the Schwinger model, of the case of adjoint QCD in two dimensions. With a student, Eliana 
Vianello [3], I have recently extended earlier analysis [23] of that model. It turns out that, 
to completely implement the symmetries of the classical Lagrangian in the quantum theory 
requires special care in the quantization and the required method is very unusual and very 
unexpected, at least to me. In that same work we showed that the chiral condensate, usually 
considered a nonperturbative quantity, can be calculated with perturbative techniques. In 
this recent work we used the equal-time representation. 

There is also a considerable discussion of the general problem of gauge invariance aid the 
need for auxiliary fields that is not specific to the light-cone representation [lo). Nakawaki 
and I have shown that for the Schwinger model, even in Coulomb gauge, au-uiliary fields and 
an indefinite metric representation space are essential to finding a properly regulated operatur 
solution in the continuum. It has been suggested to me that the issues of the integIatioii 
constants and induced operators may have application the two dimensional field theories 
associated with string theory [36]. I am not able to comment on that suggestioii myself at 
this time but I do believe that the same considerations which I have used here to implement 
vacuum structure and find the induced operators will apply to those two dimensional field 
theories associated with string theory. My main focus in the near term is to get to tlie 
problem of Hadron wave functions in QCD but I do intend to pursue these more general 
studies with Nakawaki. 
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1.3 Regularization and Renormalization 

While it is essential to determine the induced operators if a calculation of Hadron eigenstates 
is to be done in the light-cone representation with good hope for success, it is equally essential 
to have a method of regularization and renormalization which respects the sacred symmetries 
and, at the same time, allows efficient numerical calculations to be performed. Devising such 
a procediire is a challenge. For several years Brodsky, Hiller and I have been trying to develop 
prucetlures for performing nonperturbative renormalization [2,4,6,9,18,20] ; more recently 
\ v ( - k  he.ve also been collahorating with Franke, Prokhvatilov and Paston on the same topic [l]. 
The Basic idea is to add Pauli-Villars fields to regulate the theory in a way which preserves 
as many of the sacred symmetries as we can; were we must break these symmetries we must 
add counter terms. Only after the theory is finite do we truncate the Fock space so as to get a 
problem we can solve. Since there is a finite target which we hope to  approximate, the validity 
of this last step is a question of accuracy rather than symmetry. If our approximate answer 
lies sufficiently close to the answer which preserves the symmetries it does not matter if the 
small difference breaks the symmetries. Most of our studies so far have been on Yukawa-like 
thclories so that we have no infrared problem to face and we do not have to  worry about 
protecting gauge symmetries; we are now extending our calculations to QED so we have had 
to face some of those complications. I shall first discuss the Yukawa calculations and try to 
indicate what lessons we have learned from them. I shall then discuss the calculations for 
QED. 

1.3.1 YUKAWA THEORY 

Our early calculations were done for a very simplified version of Yukawa theory. We have 
theii progressed by adding more and more of the structure of full Yukawa theory. Our most 
recent calculations have been for full Yukawa theory but the representation space has been 
truncated in such a way that we do not include Fermion loops. Also, to this point we have 
considered only "dressed" Fermion eigenstates (these contain the worst singularities); we are 
iiow in the process of extending the calculations to include Fermion-Fermion bound states. 
We have learned a number of lessons from these studies; probably the four most important 
are: 

0 One should not take the limit of the Pauli-Villars masses going to infinity even if it is 
possible to do so. 

0 For sufficiently large occupation number there is a rapid drop off of the projection of 
the wave function onto higher Fock sectors. 

0 There can be big advantages to using Pauli-Villars fields of both the Fermion and 
Boson type and writing the interaction terms as products of zero norm fields. 

0 The originally proposed DLCQ grid, which we used in our earlier calculations, is inef- 
ficient and there are much better ways to proceed numerically. 

The first bullet, which is an'old result and not a new discovery by us, makes the second bullet 
particularly important. The first bullet is the problem of uncancelled divergences, These will 
always occur when we do a nonperturbative calculation in a truncated representation space. 
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To illustrate the problem, consider the nonperturbative calculation of an anomalous magnetic 
moment of a Fermion dressed with a single Boson. The result has the form [4,5] 

p' = 
g2 [ fini tequantit y] 

1 + g2[finitequantity] + g2[finitequantity] log p2 

where pz is the Pauli-Villars mass scale. If we let p2 go to infinity without allowing tlie 
coupling constant to vary, we will get zero. That would not happen in perturbation theory: 
since the numerator is already order g2 we would use only the 1 from the denominator and 
might get a nonzero result. In order g4 we would use the divergent term in the denominator 
but there would be new terms in the numerator which would contain cancelling divergcncw 
This is the problem of uncancelled divergences. While we can find ways of allowiiig the 
bare mass and the coupling constant to  depend on the Pauli-Villars masses that will allow a 
finite result to  be obtained, the results we would obtain do not look anything like the results 
from perturbation theory and generally do not make much sense physically. The solutioii 
is to keep the Pauli-Villars masses finite. We think of it this way: If the limit of infinite 
Pauli-Villars masses would give a useful answer if we do not truncate the Fock space arid so, 
have no uncancelled divergences, then there must be some finite value which would also give 
a useful answer. The question is whether we can use a sufficiently large value. To answer 
that question we must consider that there are two types of error associated with the values 
of the Pauli-Villars masses. The first type of error results in having these masses too small: 
then our wave function will contain too much of the negative normed states, unitarity will 
be badly violated and in the worst case we might get negative probabilities. That type of 
error goes like 

Where MI is the physical mass scale and M2 is the Pauli-Villars mass scale. The other 
type of error results from having the Pauli-Villars masses too large; in that case our wave 
function will project significantly onto the parts of the representation space excluded by the 
truncation. That error can be roughly estimated as 

El - MlM2 

where I @ > )  is the projection of the wave function onto the excluded sectors. In practice this 
quantity can be estimated by doing a perturbative calculation using the projection oiito the 
first excluded Fock sector as the perturbation. If both types of error are small, we can do a 
useful calculation; otherwise not. 

The main reason for thinking that we might be able to do a useful calculation in spite 
of the problem of uncancelled divergences is the point in the second bullet above tlie 
rapid dropoff of the projection of the wave function onto higher Fock sectors. Just where 
this rapid drop off occurs depends on the theory, the coupling constant and the values of 
the Pauli-Villars masses. At weak coupling and relatively light Pauli-Villars masses only the 
lowest Fock sectors are significantly populated. At stronger coupling or heavier Pauli-Villars 
masses, more Fock sectors will be populated; but eventually the projection onto higher sectors 
will fall rapidly. The rapid drop off of the projection of the wave function onto sufficiently 
high Fock sectors is the most important reason why we do our calculations in the light-cone 
representation. For any practical calculations on realistic theories we have to truncate the 
space and we must have a framework in which that procedure can lead to  R useful c.itlculat8ioii. 
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Tlie rapid drop off in the projection of the wave function will not happen in the equal-time 
represeiitation mostly due to the complexity of the vacuum in that representation. These 
features can be explicitly demonstrated by setting the Pauli-Villars masses equal to  the 
physical masses. In that case the theory becomes exactly solvable [6]. The spectrum is the 
free spectrum and the theory is not useful for describing real physical processes due to the 
strong presence of the negative normed states in physical wave functions, but it still illustrates 
the points we have been trying to make. In that case the physical vacuum is the bare light- 
cone vacuum while it is a very complicated state in the equal-time representation. Physical 
wave functions project onto a finite number of Fock sectors in the light-cone representation 
but onto an infinite number of sectors in the equal-time representation. While the operators 
that create the physical eigenstates from the vacuum are more complicated in the equal- 
time representation than in the light-cone representation the major source of the enormous 
cuiiiplicatiuii uf tlie equal-tiiiie wave functions is the equal-time vacuum. As the Pauli-Villars 
irii-uses become larger than the physical masses, the light-cone wave functions project on to 
more of the representation space and more so as the coupling constant is larger and the 
Pauli-Villars masses are larger, but the wave functions remain much simpler than in the 
equal time representation and to the extent we can do the calculations there is always a 
point of rapid drop off of the projection onto higher Fock sectors. In fact, I find some reason 
to think that the asymptotic for? for the projection onto a particular Fock sector containing 
T I ,  particles is given by In) - (%)n$, where g is the coupling constant, M the Pauli-Villars 
inass scale and rn the physical mass scale. This relation has the properties that I have been 
discussing: I have not been able to prove that this formula is correct; it is consistent with 
our numerical results but those results are not sharp enough to allow us to  say we have 
verified this or any similar formula. Due to the rapid drop off of the projection of the wave 
function onto the higher Fock sectors we believe that, given a value of the Pauli-Villars mass 
scale sufficiently large to assure that the first type of error discussed above - the one due to 
taking the Pauli-Villars masses too small- is small, we could find a sufficiently large part of 
the representation space such that the second type of error will also be small. Therefore, we 
do not believe that the need to keep the value of the Pauli-Villars masses finite imposes any 
fundamental limitation on the accuracy which could, in principle, be acheived. Of course, 
even if that is true it is not guaranteed that the required part of the representation space 
wuuld Iw siiiall eiiougli to allow us to perform accurate calculations. Furthermore, for the 
iiietliod to be useful in practice, there must not only be a value of the Pauli-Villars mass 
for which both types of errors are small but there must be a wide range of such values 
since the optimum value for the Pauli-Villars mass can only be rather crudely estimated. 
To investigate these practical questions we need a problem to which we know the answer. 
That is the main point of the QED calculations and I shall return to this issue below in 
that section. The procedure of keeping the Pauli-Villars masses finite is consistent with the 
modern idea that our theories are effective theories with as yet unknown structure at very 
high energies. There are at least some members of the lattice community who also think 
that one should not take the value of the regulators to be too large (or small as the case may 
he) even if it is computationally possible to do so [37]. 

The third bullet under lessons from the Yukawa calculations involves technical issues as 
to how one enters the heavy fields into the Lagrangian. Usually there is some choice. For 
instance, in the Yukawa calculations we have done we could use only some number of Pauli- 
Villars Bose fields. That was our original procedure. If one chooses to use both Pauli-Villars 
Fermi fields and Pauli-Villars Bose fields there is some arbitrariness in how one couples them 
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into the interaction. We have found [4] that there can be large advantages in using both 
types of heavy fields and coupling them such that the interaction is written as a product of 
zero norm fields - for example, in Yukawa theory we write the interactioii c?s $@b, wlic~c 
\k = &(Qo + el) and 4 = &($o + $1) with the 0 subscripted fields referring to tlir pliysicd 
(positive metric) fields and the 1 subscripted fields referring to the Pauli-Villars (negative 
metric) fields. If more than one Pauli-Villars field of a given type is used, the interaction 
is still written as a product of zero norm fields. Usually in light-cone quantization there 
are four point interactions, sometimes called instantaneous interactions, which come froni 
solving the constraint relations. With the heavy fields entered into the Lagrangian as we have 
suggested, those interactions are not present. The absence of the four point iriterart,ioiis call 
be a great simplification. In the case of gauge theories, in all gauges except light-cone gauge, 
there is the need to include the inverse of a covariant derivative in the operator P-.  That, 
complication means that P- is not explicitly specified and provides the reason that Innst 
calculations in the light-cone representation are done in light-cone gauge. We have found 
that the complications of the inverse of the covariant derivative are not as bad as often 
thought, but, more to the current point, if the heavy fields are entered into the LagTangian 
in the way we are suggesting here, the inverse of the covariant derivative becomes the inverse 
of an ordinary derivative. That can be a very great simplification, on the other hand, the 
flavor changing currents break gauge invariance. I will return to a discussion of that poult 
in the QED section below. A final, important point on the present subject is that if the 
heavy fields are entered into the Lagrangian in the way we are suggesting, and there are no 
Fermion loops, the limit of the Fermion Pauli-Villars masses going to infinity can he taken 
and a finite answer obtained. Taking this limit does not cause the problems with the physlcs 
that trying to  take all the Pauli-Villars masses to infinity does and we believe that the correct 
procedure is to take the Fermion masses to infinity leaving the Boson masses finite. One 
strong indication that that is the best choice involves the question of gauge invariance and 
I will discuss it further below. In the presence of Fermion loops, not all of the Pauli-Villars 
Fermion masses can be taken to infinity; I shall also discuss that point in more detail below. 

The final bullet on lessens we have learned from Yukawa theory is a techiiical point 011 

the numerical methods. For most of our calculations, once we truncated the Fock space, we 
reduced the problem to a matrix problem using DLCQ. We have foiincl that that method i.: 
very inefficient. Very much of the computer resources are wasted calculating zero. We arc’ 
now implementing a new procedure: we derive integral equations in the truncated Fock space 
in the continuum then use more standard numerical methods to solve the integral equations. 
This allows us to spend the computer resources where they will do the most good. This 
project is well along and it is already clear that it is an improvement [2]. The greater 
accuracy we can achieve with the new method should allow us to make sharper statements 
about the drop off of the projection of the wave function onto higher Fock sectors as a 
function of coupling constant and Pauli-Villars masses. We will have a paper on this project 
out soon. 

We are now moving away from Yukawa theory to gauge theories with the objective of 
getting to QCD. But there is one final project on Yukawa theories which I believe that we 
should do. That is the calculation of a Fermion-Fermion bound state. We have not done 
such a calculation yet and it makes sense to do the first one in a framework free from infrared 
and gauge difficulties. Work on this project has begun. The equations have been written 
down and the numerical codes necessary to perform the calculations will be much like those 
needed to implement the new method discussed in the previous paragraph. I expect that we 
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will be calculating Fermion-Fermion bound states in Yukawa theory within a few months. 

1.3.2 QED 

While we have learned a lot from our studies of Yukawa theory, to further test our methods 
and learn more about how to use them we have needed to attempt a problem to which 
we know the answer. We are therefore performing a nonperturbative calculation of the 
electron's magnetic moment. In the first calculations, we have truncated the Fock space 
down to one electron (of any type) and one electron plus one photon (again, of all possible 
coinbinations of types). This project is well along and we are already preparing a paper on 
the results [l]. I should say very firmly at the outset that our goal is not to perform a more 
accurate calculation than those performed by perturbation theory. The problem is ideal for 
perturbation theory and not so well suited for our methods. We only wish to confirm that 
our method is a useful approximation to the same finite physics problem as that solved so 
successfully by perturbation theory. We feel that we may then hope that our method might 
provide a useful approximation to problems which perturbation theory cannot attempt, such 
as Hadron wave functions. It has turned out that to perform a successful calculation (at 
least by our standards) we must solve three problems: 

0 the problem of uncancelled divergences; 

0 the problem of maintaining gauge invariance; 

e the problem of the appearance of new singularities. 

The problem of uncancelled divergences has been discussed above. A principal reason for 
perforiiiirig the QED calculations is to test the proposed solution to  the problem of uncan- 
celled divergences - keeping the Pauli-Villars mass scale finite - on a practical problem to 
which we know the answer. I shall give some of the preliminary results below. 

The problem of maintaining gauge invariance turns out to be nontrivial and quite in- 
structive; it also illustrates that the exercise is not trivial. As a first attempt we simply 
took the operator P- for light-cone quantized gauge theories in light-cone gauge (it has 
been published a number of times) and regulated it with Pauli-Villars fields; we looked at 
the case of Pauli-Villars photons, Pauli-Villars electrons and a combination of both. That 
procedure does not lead to a successful calculation. In fact the result is a disaster, with very 
bad iiifrared singularities and, while the result is finite for finite values of the regulator, it 
varies very strongly with the regulator and we can do nothing useful with it. If we take our 
result and expand it as a power series in the coupling constant it looks nothing like standard 
perturbative calculations even if those calculations are regulated in the same way. We do 
not yet have a complete analysis of what has gone wrong but it is certain that the problem 
is the loss of gauge invariance in the solving of the constraint relation 

We do not yet know exactly what has gone wrong in solving the constraint relation; possi- 
bilities include the improper treatment of boundary conditions, along the lines discussed in 
Section 1.2, and the possibility that the equation is wrong: it must be the equation satisfied 
by tlie regulated fields and it might be important to include something like Schwinger terms 
on the right hand side of the equation. With Dave Robertson, I am currently working to 
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develop a more complete understanding of what is wrong with the standard technique. But 
while we do not have a complete understanding of what is wrong with the standard calcula- 
tion, we do have several ways to  ~IX it. We also believe that we know how to avoid making 
the same errors in future calculations including those proposed for QCD. 

We can solve the problem discussed in the previous paragraph either by the use of other 
gauges or by the use of slightly different methods of regulation. We haw clone tlic c d -  
culation two different ways in Feynman gauge, once using only Pauli-Villars photons (the 
calculation requires three of them) and once using a combination of Pauli-Villars photons 
and Pauli-Villars electrons. In the case of only Pauli-Villars photons we must invert a co- 
variant derivative, which presents no particular problem, and must also deal with four point 
interactions. We have not yet included the four point interactions but we have estiiiiated 
their size and they are small. The case of combined Pauli-Villars photons and Pauli-Villars 
electrons (including flavor changing currents as discussed above) is very instructive. The 
flavor changing currents violate gauge invariance and it seems that we would need counter 
terms to correct that. It turns out, however, that since we can take the limit of the masses 
of the Pauli-Villars electrons going to infinity, we do not need counter terms. The counter 
terms all go to zero like inverse powers of the Pauli-Villars electron masses while the diver- 
gences are only logarithms, so there is no finite contribution to the result from the counter 
terms and we can ignore them from the beginning. With both types of heavy fields iii place 
we do not need to invert a covariant derivative and there are no four point interactions. We 
have completed calculations in the restricted subspace. In that subspace we cannot expect 
to get an answer more accurate than the perturbative answer through the Schwinger term; 
there are important physical processes that are not included in the truncated space which 
would introduce errors of that size. What we find is that for the Feynman gauge, done either 
way, we get an anomalous moment about .97 times the Schwinger term for the Pauli-Villars 
photon mass scale equal to three times the electron mass, rising to about 1.15 times the 
Schwinger term for a Pauli-Villars photon mass scale equal to one thousand times the elec- 
tron mass. Including the four point interactions in the case of only Pauli-Villars photons 
will not change the answer very much. We consider these results to be entirelv sa.tisfactrorv 

Along with Franke, Prokhvatilov and Paston we have been doing the electron’s magnetic 
moment calculation in light-cone gauge using a method of regularization proposed by that 
St. Petersburg group. Their proposal includes both Pauli-Villars fields and the use of 
higher derivatives. They devised their regularization scheme for QCD but never used it in 
a calculation. Actually, I was worried that the published version of the scheme for QCD is 
wrong and they have now agreed with that and have devised an alternate form which we 
all agree is correct; the new version is not yet published. For QED things are much simpler 
and we have nearly completed the calculation of the Electron’s magnetic moment using that 
method. The results agree closely with those given above for Feynman gauge. In 1x1 ticular , 
the severe problems encountered with the light-cone gauge usiiig only Pauli-Villars fields are 
not present in the version with the higher derivative regulator. It is worthwhile noticing 
that all of the methods we have used which succeed treat A- as a degree of freedom so no 
constraint equation for the vector field is solved (the higher derivative turns ‘4- into a degree 
of freedom even in light-cone gauge). Sometime back, Morara and Soldati proposed usiiig 
the anti-light cone gauge (A+ = 0) and showed that it has some advantages. I believe t l id  
it will also produce a successful calculation for the electron’s maglietic iiioineiit and Soldati 
and I are doing calculations to confirm that belief. 
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If Ferinioii loops are included we cannot take the limit of all the Pauli-Villars Fermion 
masses going to infinity. It may be that we will then need counter terms to correct for the 
violatioii of gauge invariance induced by the flavor changing currents. But it may be possible 
to take a limit where the flavor changing terms are removed while the diagonal terms in the 
ciirrent remain. Those terms are enough to regulate Fermion loops and they do not violate 
the Warcl identities so we might again find that in the abelian case we do not need counter 
t e r m  to correct for the violation of gauge invariance induced by the flavor changing currents. 
With a student, Sophia Tchabycheva, I am studying this possibility. In any event, we will 
need counter terms in QCD. 

The third problem on the list of those we had to solve for the QED calculations is 
the problem of new singularities. One has to do integrals with denominators of the form 
(-M2z(1 - x) + m2z + p2(1 - z) + z ) ,  where M is the physical electron mass, m is the 
bare electron mass and p is the photon mass. When the bare mass is less than the physical 
mass. as is the case in QED, there can be a zero in this denominator. In perturbation theory 
the expailsion is about it4 = m and the denominator cannot vanish as long as the photon 
is given a small nonzero mass (or a large nonzero mass if it is a Pauli-Villars photon). The 
s t i d a r d  technicpies in perturbation theory thus avoid this singularity, We find that when 
t,he zero is a simple pole, the principle value prescription is correct. But in the wave function 
noriiialization the denominator is squared so there is a double pole and we must give it a 
iiieiuiiiig. We believe that the correct prescription is 

f (Y, 4 = lim 

1 
2 E  J dy / dzf(y,  [ [ d y  + pi (1 - y) - y( 1 - y) + z - E ]  

1 1 - 
[m'y + &(l- y) - M2Y(l - Y) + + €1 

This prescription has the interesting consequence that the wave function normalization is 
infrared finite whereas it is infrared divergent in perturbation theory. The reason is that, 
with the prescription, the true singularity occurs at M = m+p;  in perturbation theory, with 
A4 = rn. this is at p = 0 which is the infrared singularity and the reason that the photon 
mass cannot be taken all the way to zero in perturbation theory. For the nonperturbative 
calculation. the physical photon mass can be taken to zero since M # m. The basic re- 
yuirenieiit of these prescriptions is that they preserve the Ward identities. We have not yet 
proven that they do but we will soon do a calculation which will test whether or not they 
do. 

In both the Feyninan gauge cases and in the light-cone gauge case including the higher 
derivative regulator, an expansion of our nonperturbative answer agrees with perturbation 
theory for all the terms which can be calculated without going outside the truncated Fock 
space. The St. Petersburg group has shown that for the light-cone gauge case, that result 
holds through all orders in perturbation theory. They have shown a similar result for QCD, 
which is one reason for some optimism for our proposed QCD calculations. 

We believe that the calculations we have done in the most severe truncation of the Fock 
space are very encouraging; but these calculations do not yet fully test. our methods. Related 
to  the fact that the Electron's magnetic moment is finite in one loop perturbation theory, 
in soiiie cases the terms which result from our regulators and prescriptions must only be 
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“small”, not necessarily accurate. That will not be true if we extend the calculations to 
include the Fock sector of one electron and two photons. Then the accuracy of the sinall 
terms will be tested; among other things, we will test whether our prescriptions for the new 
singularities preserve the Ward identities, at least in this case. That calculation will be 
numerically intensive (the calculations in the more severe truncation of the Fock space can 
be done in essentially closed form). We intend to perform the calculations in the extended 
Fock space in the near future. On the basis of the results we have obtained froin the 
improved Yukawa calculations [2], which are similar to those needed for the extended QED 
calculations, we expect the numerical difficulties to be manageable. NJ’P will i ~ g d i d  i t  < I  

successful demonstration of the method if, for a large range of the Pauli-Villars inass scale. 
we get an answer close to perturbation theory summed through the Sommerfeld-Petterman 
term. We would also like to see that the estimated optimum value for the Pauli-Villars mass 
is higher in the calculation that includes more of the representation space. 

1.4 The Challenges of QCD 

Once we complete the “practice” problems mentioned in the previous discussions, which 
are either under way or soon will be, we will be ready to attempt to ca.lcu1at.e H i d m i  WYP 
functions in QCD. So far, every time we have started new, more complicated calculations the 
first attempt has failed. But we have, so far, always learned how to perform the calculations 
so that they did succeed. I expect that when we start calculations in QCD we will find that 
we have things to learn before the calculations succeed. QCD is a much greater challenge 
than any we have faced so far; of the problems in QCD which we have not yet had to face or 
had to face in much simpler settings, the two which seem to me to have the most potential 
to cause difficulty are the problem of the induced operators and the problem of maintaining 
nonabelian gauge invariance. 

I do not have anything more to say here about the induced operators than w1ia.t I said 
above: we will start with the ansatz for the induced operator coming froin the terni 
that I gave above and will use the, currently under development, ansatz for the induced 
operator coming from the AlJ’ term. If either of these operators is not correct or if otlier 
induced operators turn out to be essential, we will have to discover the fact and find a way 
to do better. I will say a little bit here about the problem of maintaining nonabelian gauge 
invariance. 

There is no way to use Pauli-Villars fields and not break the nonabelian gauge invariance. 
While that is strictly true in QED it is not really true in practice: while the use of Pauli- 
Villars electrons with flavor changing currents breaks gauge invariance, the ability to take 
those Pauli-Villars masses to infinity removes that breaking of gauge invariance withoiit 
leaving a finite residue; and while the use of massive photons breaks gauge invariaiice, it 
does not violate the Ward identities and so turns out to be acceptable. The violations 
introduced in QCD will not be so benign and we will have to add counter terms. Fortunately 
the counter terms needed for QCD have been given for the light-cone gauge, except for as 
yet undetermined coefficients, by Fkanke, Prokhvatilov and Paston (with as yet unpublished 
corrections). They have shown that these counter terms are all that are needed to give 
perturbative equivalence between calculations in the light-cone representation and standard 
Feynman perturbation theory. The unknown coefficients are determined. in principle. 1)v 
gauge invariance (it is the breaking of that symmetry which requires the existence of the 
counter terms) but we do not yet have an algorithm to use gauge invariance to determine the 
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coefficients: we will have to develop such an algorithm. If we use Feynman gauge, which gives 
the simplest framework in the QED case, we will not only have to determine the necessary 
counter terms but will have to learn to deal with Faddeev-Popov fields. The anti-light-cone 
gauge may provide some of the benefits of both of the other gauges (simpler regulation 
thaii light-cone gauge; no Faddeev-Popov fields) but that remains to be shown. Maintaining 
nonabelian gauge invariance in the presence of Pauli-Villars fields is a challenge, but we do 
have several tools already developed, several under development and I think that there is 
reason to hope that we will eventually succeed. 

One niight ask if we can use dimensional regularization. We have thought not. Dimen- 
sioiial regularization is a trick and one cannot really formulate the problem in nonintegral 
dimensions. But perhaps that is not correct. I have recently discussed the possibility with 
Antonio Bassetto and Pierre van Baal. While we did not reach any conclusions, the problem 
did not seem quite so intractable as we first thought. The idea would be to write down the 
unregulated integral equations then modify only the integration variables in a way similar 
to dimensional regularization. There are many questions to which we do not know the an- 
swer. For one thing, the light-cone kinematics mean that modifying the integration variables 
cannot be done in a way consistent with rotational invariance and we do now know the 
iiiiport of that fact. Still, it might be possible to show that the perturbation series based 
on the integral equations, so regulated, is equivalent to dimensionally regulated Feynman 
perturbation theory. That is not an easy analysis but it should be attempted. Certainly, a 
very attractive way to maintain nonabelian gauge invariance is not to break it at all. 

1.5 

e 

e 

e 

a 

a 

e 

Proposed Research 

With Stan Brodsky and John Hiller I propose to complete the test of the improved 
numerical method now well along and to perform a calculation of a Fermion-Fermion 
bound state in Yukawa theory. 

With Stan Brodsky, John Hiller, Valya Franke, Evgeni Prokhvatilov and Sergey Paston, 
I propose to finish the QED calculation in the most severely truncated space, now 
almost finished, and to extend the calculation to  include states of one electron and two 
phot 011s. 

With Roberto Soldati, I propose to perform calculations to verify that the electron's 
magnetic moment calculation can successfully be performed in the anti-light-cone gauge 
and to  study possible advantages this gauge may have both in QED and, more impor- 
tantly, in QCD. 

With Dave Robertson, I propose to perform research to determine the exact nature of 
the failure of gauge invariance in the standard light-cone gauge, light-cone quantized 
foriiiulatioii of QED. This involves determining what is wrong with the usual form of 
the constraint equation or what is wrong which the usual solution to it. 

With Dave Robertson and Simon Dalley, I propose to construct an ansatz for the 
induced operator associated with the AlJ' term for QCD. 

With Stan Brodsky, John Hiller, Valya Franke, Evgeni Prokhvatilov, Sergey Paston 
and possibly others, I propose to begin calculations of Hadron wave functions in QCD. 
To start with we will use two induced operators and will use Pauli-Villars regularization 
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1.6 

in a gauge yet to be chosen. I expect these calculations to go on for the duration of 
the grant and to constitute the most important project. 

With Yuji Nakawaki, I propose to continue our studies of the formal properties of 
quantum field theory in the light-cone representation. I expect that we will coiitinue 
to study the problems of vacuum structure, condensates and induced operators. We 
hope to include some study of the two dimensional field theories associated with string 
theories. 

Seminars, Conference Talks and Service 

Since January, 2000 I have given seminars at the following institutions: 
The University of Bern 
The University of Bologna 
The University of Cambridge MIT 
The University of Erlangen 
The Universtiy of Florida 
The University of Leiden 
The University of Maryland 

The university of Minnesota (Duluth) 
The University of Minnesota(Minneapo1is) 

The University of Padova (two talks) 
The University of St. Petersburg 
Setsunan University 
SLAC (three talks) 

In that time I have given invited talks at the following conferences: 

0 Non-Perturbative QCD and Hadron Phenomenology, Heidelberg 

0 Light-Cone Physics: Particles and Strings, Trento 

0 Light-Cone 2002, Los Alamos 

0 Strong Coupling Gauge Theories and Effective Field Theories, Nagoya 

For many years I have served on the International Light Cone Advisory Committee. I was 
therefore on the International Committee for the first three meetings listed above. I was 
also a session organizer at the Trento and Los Alamos meetings. In the past I have served 
as President, as Secretary and am currently Chairman of the New Membership Committee. 

[l] S. Brodsky, V. F'ranke, J. Hiller, G. McCartor, S. Paston and E. Prokhvatilov,Manuscript 
i n  P z e p m t i o n  

[2] S. Brodsky, J. Hiller and G. McCartor, Manuscnptin P l e p n a t i o n  

[3] E. Vianello,Thesis, SMvMay, 2003 and E. Vianello and G. McCartor, Manuscript i n  
P r e p x a t  ion 

[4] S. Brodsky, J. Hiller and G. McCartor, Annals Phys. 305 (2003) 266 

[5] G. McCartor, in Stmng CouplingG a u g e  T h a n e s  and EEec t ive  F i e l d  'fheadhes, 
Kikukawa and Yamawaki, ed. (World Scientific, 2003) 

[S] S. Brodsky, J. Hiller and G. McCartor, Annals Phys. 296 (2002) 406 
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[Y] Y. Nakawizki and G. McCartor, Nucl. Phys. B (Proc. Suppl.) 108 (2002) 201 

ib'j C:. McC'Ltrtor. Aiucl. Phys. B (Proc. Suppl.) 108 (2002) 217 

[9] S. Brodsky, J .  Hiller and G. McCartor, Phys.Rev. D64 (2001) 114023 

[lo] Y. Nakawaki and G. McCartor, Prog. Theor. Phys. 106 (2001) 167 

[ll] G. McCartor, Nucl. Phys. B (Proc. Suppl.) 90 (2000) 37 

[12] G. McCartor, in LightcDne QCD and Nonprturkative Hadmn Ph$sIire,&er and 
Williams, ecl. (World Scientific, 2000) 

[13] Y. Nakczwaki and G. McCartor, Prog. Theor. Phys. 103 (2000) 161 

[14] Y.  Nakawaki and G. McCartor, in New Directions i n  Quantum Chmmcdyndcs, 
and Min, ed. (American Institute of Physics. 1999) 

[15] G. McCartor and Y. Nakawaki, in New D irections i n  Quantum Chmmcdyndcs, 
and Min, ed. (American Institute of Physics. 1999) 

[ l G ]  hi. Morara, R. Soldati and G. McCartor, in New Directions i n  Quantum Chmmcdy- 
namics.Ji and Min, ed. (American Institute of Physics. 1999) 

[17] Y. Nakawaki and G. McCartor, Prog. Theor. Phys. 102 (1999) 149 

[18] S. Brodsky, J .  Hiller and G. McCartor, Phys.Rev. D60 (1999) 054506 

[19] G. IVIcCartor, Phys. Rev. D60 (1999) 105004 

[20] S. Brodsky, J.  Hiller and G. McCartor, Phys.Rev. D58 (1998) 25005 

[21] G. hkCartor, in New Non-Pertuht ive Methcds and Quantization on the  1ightCont 
GrangC, Neveu, Pauli, Pinsky and Werner, ed. (Springer-Verlag, 1998) 

[22] G. McCartor, in P e r s m t i v e s  of Stmng Coupling Gauge Th&-a and Ya- 
niawaki, ed. (World Scientific, 1997) 

[23] G. McCartor, D.G. Robertson and S.S. Pinsky, Phys.Rev. D56 (1997) 1035 

[24] G. McCartor, 11it.J.Mod.Phys. A 12 (1997) 1091 

[25] G. McCartor and D.G. Robertson, 2. Phys. C 68 (1995) 345 

[2G] G. McCartor, in Thmory of Hadmns and Light-Fmnt QC%X;cnislaw D Glazek, ed. 
(World Scientific, 1995) 

[27] G. McCartor, 2. Phys. C 64 (1994) 349 

[25] G.  Mccartor and D.G. Robertson, 2. Phys. C 62 (1994) 349 

1'291 D.G. Robertson, Phys.Rev.D47 (1993) 2549 

[30] S. Brodsky, G .  McCartor, H. Pauli and S. Pinsky, Particle World 3 (1993) 109 
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I311 G. McCartor and D.G. Robertson, 2. Phys. C 53 (1992) 679 

[32] D.G. Robertson and G. McCartor, 2. Phys. C 53 (1992) 661 

[33] G. McCartor, 2. Phys. C 52 (1991) 611 

[34] G. McCartor, 2. Phys. C41 (1988) 271 

[35] G. McCartor, in N u c l a r  and Particle Physics on the LigMMbh&4hnson niid 

L.S. Kisslinger, eds. (World Scientific, 1988) 

[36] Frank Wilczek, Private Communication 

[37] Peter Lepage, Private Communication 
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2) Fredrick Olness: Progress Report and Proposal 

2.1 Recent Activities: 

Below, I summarize research during the period 2000-03, and outline current work in progress. 
My publications during this period are listed in this report.[l-261 

At recent CTEQ summer schools, I presented pedagogical lectures on regularization 
and renormalization (2000) ,[26] heavy quark production (2002), and Drell-Yan production 
(2003).’ The 2004 school is being organized, and will be held at UW-Madison. I also pre- 
sented talks at a number of conferences and workshops: the detailed list appears in my 
vitae. 

At the Snowmass 2001 workshop, I was an organizer for the following groups: 
P5-A: Parton Distributions, Spin and Resummation Sub-Group;[l8] 
E1-C: Retro/Exotic Neutrino Interactions;[l3] 
E4-B: Hadron Benchmarks Working Group.[l7] 

The details of these activities are linked to my homepage at www . physics. smu. edu/-olness 
The work of these groups appear in the Snowmass proceedings, as well as the HEP ArXive. 
Some of the studies initiated at Snowmass expanded into detailed investigations; one such 
example is the NLO Y production of charm,[l5] and this work is now published.[14] 

I also participated in the Les Houches Workshop: Physics at TeV Colliders, and this 
report appeared in April 2002.[19] Again, one of the issues we examined at this workshop 
has been extended and now appears as a separate publication.[21] 

Mv book “Mathematica for Physics” is now released in a Japanese translation[l], and 
the 2nd edition citiiie out last year.[2] 

I ~ i i i  a iiieiiibex of the CTEQ collaboration (The Coordinated Theoretical-Experimental 
Project. on QCD). and also the ATLAS (A Toroidal LHC Apparatus) collaboration. 

I have been involved in a number of scientific outreach projects at SMU. 

Together with Ryszard Stroynowski, we have organized a QuarkNet Science Program for 
High School Teachers. We held a 2-week workshop for 18 teachers in  2001, and have had 
l-week follow-up workshops in 2002 and 2003. A 2004 workshop is planned. (Details at: 
www .physics .sniu.edu/-olness/qnet) 

I have made a number of“Physics Circus” presentations to groups throughout the DFW 
area. Our goal is to both entertain and educate general public about science. (Details at: 
www .p hysics smu. edu/-olness/www/demos) 

I also serve as the Cc-Director of the Dallas Regional Science Fair. This program impacts 
hundreds of science students in the Dallas area. (Details at: www.Dal1asScienceFair.org) 

‘The ful l  set. of lectures is available from the CTEQ web page at vwv.cteq. org. 
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2.2 

The Higgs boson; SuperSymmetry; extra-dimensions; lepto-quarks; anomalous gauge cou- 
plings; composite quarks and leptons; new gauge bosons. This is only a partial list of the 
“new physics’’ phenomena that the Tevatron, HERA, RHIC, and LHC colliders may discover 
in the next few years. 

How can we ensure that we won’t miss an important discovery buried in the data? By 
analyzing the present data in a coherent theoretical framework extending beyond leading- 
order perturbation theory. The insight gained through such analysis should prove invaluable 
in understanding present data, and, in the process, discovering unexpected “new physics” 111 
both present and future data. We therefore agree with the adage “data make you smarter.“’ 

The research proposed here is directed toward the interface between present high energy 
physics experiments and theory. The objective is to investigate both experimental coinplex- 
ities and theoretical subtleties in a single coherent framework to maximize the informatioil 
extracted. Such a program serves: 1) to optimize the use of present and future experimental 
data, 2) to focus theoretical efforts toward realistic applications, and 3) to st,iiiiiila.tc hotli 
experimentalists and theorists to discover and resolve discrepancies between expectations 
and data. 

There are numerous instances where a detailed understanding of present data provides 
an essential clue in differentiating a “new physics” phenomena as distinct froiii an ”old” oiie. 
Some examples pertain directly to my own research. 

Why we study these questions: 

1. The Tevatron high ET jets were a characteristic signature of coinpositeiiess.[27] 

2. The anomalous high-z events observed at HERA were a characteristic signature of 
lepto-quarks.[5,9,10] 

3. At present, we are using the new dimuon data to constrain the s-quark distribution, 
and refine the question of “new physics” in the extraction of sin Ow ; this issue reinailis 
open.[22,23] 

By applying powerful analytic methods to obtain a comparison of theoretical predictions and 
experimental observations, we advance our base of knowledge and simultaneously prep1 e a 
foundation for understanding new phenomena. 

This work is part of a long-term effort to incorporate advances of theoretical calcula- 
tions into experimental data analysis to address two fundamental issues: 1) t,he structiire 
of hadrons in the Quantum Chromodynamic-based parton model, and 2) resulting precision 
comparisons with new data. 

2‘‘Data Make You Smarter” by Dan Amidei and Chip Brock. FermiNews. Januarv 17. 200.7 
www. fnal.gov/pu b/ferminews/ferminews03-01- 17 
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2.3 Highlights: 

Highlights of the work in the recent period include the following. 

GLOBAL ANALYSIS PROJECT AND CTEQ PARTON DISTRIBUTION FUNCTIONS: 
The global analysis project is an ongoing effort[3,5,9,10,16] by members of the CTEQ 
collaboration incorporating the most recent data with new theoretical developments. 
Specifically, I have worked on the NLO DIS heavy quark production code used in these 
fits. We have just released an extension of the CTEQGM parton distributions,[28] 
labeled CTEQsHQ, which are appropriate for processes involving heavy quarks. [24] 

ST[t.\Ncr.:vi.:ss CONTENT OF THE NUCLEON AND PRECISION sine, EXTRACTION 
We have performed the first comprehensive global QCD analysis including the CCFR 
and NuTeV di-muon data; these data provide strong constraints on the strange and 
anti-strange parton parameter space. (221 The di-muon data sets generally favor a pos- 
itive momentum integral: Ji z(s(z) - s(z))dz. These results have a direct impact on 
the QCD corrections to the Paschos-Wolfenstein relation which is used in the precision 
determination of the Weinberg angle, sin 0, .[23] 

PREDICTIONS OF NEUTRINO STRUCTURE FUNCTIONS: AzFl“: 
The first measurements of AzF3y.I are higher than current theoretical predictions. We 
iiivestigate the sensitivity of these theoretical predictions upon a variety of factors 
including: renormalization scheme and scale, quark mass effects, higher twist, isospin 
violation, and PDF uncertainties.[4,12,18] 

e NEUTRINO INDUCED DIS HEAVY QUARK PRODUCTION AT NLO: 
In Refs. [29-311, we present a unified formulation of both neutral and charged current 
processes that incorporates heavy quark effects into the parton formalism for the DIS 
process. This work was previously used by the CCFR/NuTeV collaboration[32,33] 
and the CHARM-I1 collaboration[34] for the analysis of neutrino data. We have pro- 
duced R computer program to implement this differential NLO calculation including 
t~xperil~l~1lt,id acceptance cuts;[13-151 this program is being used by Dave Mason of the 
NuTeV collaboration to analyze their data. 

0 PRECISION PDF3 AT LARGE z: 
- Reliable knowledge of parton distribution functions (PDF’s) is crucial for many searches 

for “new pliysics” signals in the next generation of collider experiments. In references [5, 
9, lo],  we examine the status of the gluon and quark distributions in light of questions 
that have been raised about large-x parton distributions, as well as recent parton 
uncertainty analyses. We perform several specific global fits to answer outstanding 
questions. and to investigate the potential of future experiments to provide critical 
coiistraints on parton distributions at large z. 
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0 PDF UNCERTAINTIES, AND NEW SUSY DEGREES OF FREEDOM: 
The wealth of precision data available for the QCD global analysis allows extraction 
of highly constrained PDFs with uncertainties. [ 191 This new era of PDF uncertainties 
allows us to consider whether there might be extra light degrees of freedom in the 
QCD evolution arising from new particles, including light SUSY partners. By revisiting 
this topic with the power of the O(az) global fitting program, we can provide strong 
constraints on possible gluino contributions, and hence extract information on the 
corresponding uncertainty of the PDFs.[25] 

THE SIMPLIFIED-ACOT (S-ACOT) SCHEME 
In 1994 we introduced the ACOT (Aivazis, Collins, Olness, Tung) method for calcu- 
lating heavy quark production;[30,31] this approach has been widely adopted. We 
recently introduced a modification of the ACOT prescription (the Siniplified- ACOT 
Scheme) which allows us to neglect the quark masses in specific instances. This new 
prescription has the advantage of being simple to state, and allowing relatively simple 
calculations. This simplicity could be crucial for going beyond one-loop order in calcu- 
lations. The work was published in Ref. [8], and applications of this scheme t.n spwific. 
processes are ongoing.[ll, 181 

0 DUAL RESUMMATION FOR DIS HEAVY QUARK PRODUCTION: 
Recent advances have enabled theorists to make increasingly precise predictions by 
resumming the threshold logarithms and the qT logarithms into a Sudakov form factor. 
We extend this work to the case involving heavy quarks by using a conibiiiation of the 
Sudakov techniques to merge the CSS and S-ACOT formalisms. These theoretical 
prediction yield stable results throughout the full kinematic range of the heavy quark 
production process.[20,21] 

STRONGLY INTERACTING MASSIVE PARTICLES (SIMPS) : 
We consider the prospects and problems of detecting SIMPS in a variety of experiineiits 
including the Tevatron. We find that the Tevatron Run I1 experiments can actually 
probe a very interesting range of the SIMP parameter space.[G, 7) 
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2.4 Current  Projects  (2000-2003) and Future  Investigations 

2.4.1 GLOBAL ANALYSIS PROJECT AND CTEQ PARTON DISTRIBUTION FUNCTIONS 

The C'TEQ PDF's have addressed a number of issues and broadened the range of data used 
in the analysis. Recent advances include:[3,27,28] 1) the new Drell-Yan asymmetry data 
from E866 and its implications on the u /d  ratio, 2) updated DIS structure function data 3) 
Tevatron inclusive jet production data, 4) exploration of the correlations between the gluon 
distribution and as , and 5) understanding PDF uncertainties and associated correlations. 

An iiiiportant extension of the recently published CTEQ6 parton distributions is the 
proper treatment of heavy quarks in the global analysis procedure. The previously published 
CTEQG parton distributions adopted the conventional zero-mass parton scheme; these sets 
are most appropriate for use with massless hard-scattering matrix elements. 

which are appropriate for processes involving heavy quarks. [24] The CTEQ6HQ PDFs com- 
pleinent the existing CTEQG sets by providing distributions which can be used in the gen- 
eralized MS-bar scheme with non-zero mass partons. This analysis includes the complete 
set of NLO processes including the real and virtual quark-initiated terms. Additionally, 
the ACOT(x) scheme is used to introduce a generalized scaling variable which provides 
iiuiiierically stable results throughout the transition region.[30,31,35] 

For precision observables which are sensitive to charm and bottom quark mass effects, 
the fully niassive scheme can be important when heavy quarks are involved. We find the 
HERA data, particularly FZham, is sensitive.to the difference between the CTEQ6M and 
C'TEC/bHQ pax toil distr i bu tioiis. 

The CTEQ6HQ fits also provide the basis for a series of further studies involving more 
quantitative analysis of strange, charm, and bottom quark distributions inside the nucleon. 
For example, the CTEQ6HQ PDFs are necessary for a consistent analysis of resummed 
differential distributions for heavy quark production such as in Ref. [21]. Using the full range 
of data froin hoth the charged and neutral current processes, these distributions can reduce 
the uiicertainties in the calculations; hence, they have significant implications for charm and 
bottom production, and can help resolve questions about intrinsic heavy quark constituents 
inside the protoii, the AzF3 structure function,[12) and the extra;ction of sine, .[23] 

Ll+ I ~ A v ~  ,jiist released an extension of the CTEQGM parton distributions, labeled CTEQGHQ, 

This work iippears in Refs. [3,24]. 

2.4.2 STRANGENESS CONTENT OF THE NUCLEON AND PRECISION sin 6, EXTRACTION 

We have performed the first comprehensive global QCD analysis including the CCFR and 
NuTeV di-muon data;3[22] these data provide strong constraints on the strange and anti- 
strange parton parameter space. For extracting the strange quark PDF, the dimuon data 
provide the most direct determination. The basic channel is the weak charged current process 
v.s' - p - C X  with a subsequent charm decay c - p+X'.  These events provide a direct probe 
of the sW-vertex, and hence the strange quark PDF. 

We present several classes of solutions that are consistent with all relevant data and the 
Lecluireiiients of PQCD. In particular, we find the quark number sum rule, Jt s(z) - S(s) = 0, 
to be of singular importance. The di-muon data sets generally prefer that [s(z) - S(z)] is 
negative in the z range of the data-in agreement with previous observations. We show that 

3We thank Tim Bolton and Max Goncharov for assistance with the CCFR/NuTeV data, and the related 
analysis progranls.[33,36] 
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this result, combined with the PQCD quark sum rule, generally favors a positive iiioiiieiituiii 
integral: [S-] ZE Ji z(s(J:) -3(z))dz. This conclusion is further confirmed using the Lagraiige 
Multiplier method to investigate the full range of [S-1. These results have a direct impact on 
the QCD corrections to the Pascho~-Wolfenstein[37] relation which is used in the precision 
determination of the Weinberg angle, sin Ow .[38-411 

In a related study, we combine the above results with a recently completed iiext-to- 
leading-order program to calculate neutrino cross-sections, including power-suppressed inass 
correction terms, to evaluate the Paschos-Wolfenstein relation.[23] We then assess quanti- 
tatively the validity and significance of the NuTeV anomaly. In particular, we study the 
shift of sin2& obtained in calculations using s = 3 parton distribution functions (such as 
CTEQGM), and those using a new generation of PDF sets that allow S(T) # .T(T), enabled 
by recent neutrino dimuon data from CCFR and NuTeV. This direct calculation confirms 
the expectation that the predicted value of sin2 Ow is closely correlated with the strangeness 
asymmetry momentum integral [S-] = Jt z[s(z) - s(z)]dz. Since [S-] has been found to he 
positive and large for the new PDF sets, this implies a sizable negative shift of sin2 Ow. 

The general effect of these considerations is to shift sin2 & in the direction of bridging tlie 
difference between the NuTeV and the Standard Model (SM) values. The precise implica- 
tions for the NuTeV anomaly will need to  be determined after including detector-deFeiideiit 
corrections. The results of this study suggest that the new dimuon data, the Weinberg angle- 
measurement, and other global data sets used in QCD parton structure analysis may all be 
consistent within the Standard Model. 

This work appears in Refs. [22,23]. 

2.4.3 

Since the early 1990's there has been a known discrepancy between the CCFR charged 
current and NMC neutral current DIS F2 measurement in the small r region: hence. in 
the early CTEQ PDF analyses, a cut was imposed to eliminate the small J: data from the 
fit. The good news is that a reanalysis of this data has eliminated the discrepancy for the 
charged and neutral current F2 result.[42] The bad news is that the AxF3 structure function" 
displays a significant disagreement with the standard model expectation in the low Q2 and 
low z region. Since the quantity AxF3 is sensitive to the heavy quark parton distributions 
(strange, charm, etc. ...), understanding this puzzle can provide fuiidaniental insight ahout 
the nature of heavy quarks in the proton. 

Based on some stimulating talks and discussions we had at the DIS'2000 meeting, we 
performed a systematic analysis to investigate the sensitivity of ASPS upon a variety of 
factors including renormalization scheme and scale, quark mass effects, higher twist, isospiii 
violation, and PDF uncertainties.[l2] We explored the variation of AzFS(2, Q2)  on the above 
factors and found that noneof these were capable of resolving the discrepancy between the 
data and theory. 

As the situation stands now, this A2F3(z, Q2)  puzzle poses an important challenge to our 
understanding of QCD and the related nuclear processes in an important kinematic region. 
The resolution of this puzzle is important for future data analysis, and the solution is sure 
to be enlightening, and will allow us to  expand the applicable regime of the QCD theory. 

As an aside, I note that this was a particularly enjoyable and productive collaboration: 
we had Robert Thorne from the MRST group,[43] Stefan Kretzer who did the CRY calcii- 

PREDICTIONS OF NEUTRINO STRUCTURE FUNCTIONS: AzFi" 

'Specifically, the quantity examined is AxF3 = xF3y - xF: on an isoscalar target. 
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lations, [44] Un-Ki Yaiig from the CCFR/NuTeV collaboration,[42] and Randy Scalise and 
iiivself froni the CTEQ group. With such a broad group of collaborators, we were better 
able to view the problem from many perspectives, and apply a wide range of theoretical and 
experiment a1 t 001s. 

This work appears in Refs. [ll-13,161. 

2.4.4 NEUTRINO INDUCED DIS HEAVY QUARK PRODUCTION AT NLO 

Recent sets of global parton distribution functions (PDFs) have reached a sufficiently high 
level of accuracy that quantization and propagation of statistical errors have become im- 
poitant issues. It is. therefore, even more unsettling that the strange quark PDF, s(z, Q2), 
rciriains a mystery without a fully consistent picture emerging from the comparative anal- 
ysis aniong iieutrino and iiiuon structure functions, opposite sign dimuon production in 
vFe-DIS ,[22] or the recently measured parity violating structure function AzF3 .[12] Given 
the high precision of the non-strange PDF components, this situation for s(x, Q2) is unac- 
ceptable both in t e r m  of our understanding of the nucleon structure, and for our ability to 
use precise flavor information to make predictions for present and future experiments. 

An important piece of this puzzle is to analyze the DIS dimuon charm production data in a 
fully NLO framework. The charged current DIS charm production measures the strangeness 
coiiiponeiit of the nucleon PDF. A complete analysis requires a Monte Carlo simulation to 
c u u u i i t  tor experiineiital detector acceptance effects; therefore, a fully-differential theoretical 
calculation is necessary to provide complete kinematic information. While we examined a 
number of different methods for regulating the singularities encountered in the NLO calcula- 
tion, in the end we determined that a simple “binning” technique would serve the purposes 
of the data analysis, and also be fast computationally. 

The fully differential distributions we obtained allows charged current neutrino DIS ex- 
periments to use the complete NLO QCD result in the Monte Carlo data analy~is .~ These 
tools will allow us to extract the strange quark PDF from the dimuon data at NLO; this 
information should prove crucial to resolving the unusual behavior of the strange quark in 
the proton 

This work was performed in collaboration with Stefan Kretzer (MSU) who performed 
some of the original NLO calculations, and Dave Mason (Oregon). Dave is a member of the 
NuTeV collaboration, and is performing the NLO analysis of the NuTeV dimuon data using 
these programs 

This paper is now published,[l4,15] and the Fortran code is presently being used for the 
NLO data analysis. 

2.4.5 PRECISION PDF’s AT LARGE z 

Reliable knowledge of parton distribution functions (PDF’s) is crucial for many searches 
for iiew physics signals in the next generation of collider experiments. While we have been 
studying PDF’s for many years, there are still a number of important outstanding issues 
that future experiments, including fixed-target experiments, may address. 

111 references [5,9, lo], we examine the status of the gluon and quark distributions in light 
of questions that have been raised in the past few years about large-x parton distributions, 
as well as recent measurements which have improved the parton uncertainties. We perform 

“These results are available as a FORTRAN code, DISCO. 
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several specific global fits to answer the outstanding questions, and to investigate the poten- 
tial of future experiments, which may provide critical constraints on parton distributions at 
large x. 

More generally, there is still a wide range of issues that could be further clarified by ex- 
periments using intense neutrino sources. In fact, the 2002 DOE/NSF HEPAP report noted 
“We endorse the decision to concentrate on the development of intense neutrino sources ....’. 
Such a neutrino source would allow us to perform high statistics measurements on light tar- 
gets (hydrogen, deuterium, ...) thereby enabling us to separate the nuclear effects from the 
nucleon structure. 

Specifically, one can envision a comprehensive two-step program. 1) Use light targets to 
accurately determine the flavor structure of the proton by combining this data with neutral 
current data also taken on light targets. 2) Compare the light target data (both charged aiid 
neutral current processes) with data from heavy targets to extract the iiuclear effects. Sucli 
a program would represent a tremendous advance in the understanding of both the proton 
structure and the corrections due to high-2 nuclei. 

This work was presented at a number of workshops[9,10,13,16-18] as well as Ref. [5] 

2.4.6 PDF UNCERTAINTIES, AND NEW SUSY DEGREES OF FREEDOM 

The wealth of precision data available for the QCD global analysis allows extraction of highly 
constrained PDFs with uncertainties.[45,46] This new era of PDFs with uncertainties allows 
us to consider whether there might be extra light degrees of freedom in the QCD evolution 
arising from new particles. A popular candidate for such a new particle is the gluino as the 
color and spin have a significant effect on the QCD evolution. By revisiting this topic, we can 
provide strong constraints on possible gluino contributions, and hence extract information 
on the corresponding uncertainty of the PDFs. 

In a previous work,[47] Pavel Nadolsky (SMU) and collaborators implemented a PDF 
evolution program that included the gluino degrees of freedom at order (3(at). At  present. 
the state of the art for global analysis and evolution is O(a2,). While extending the PDF 
evolution code to O(a:) would require significant effort, we demonstrate that one can obtain 
the predominant effect of the gluino at this order by simply adjusting the evolutioii of a s ( p , )  
appropriately; this technique works well so long as one is not trying to study gluino-initiated 
processes. Implementing the above technique effectively gives us an O(a2,) evolution prograiii 
including gluinos which we can then use to perform a NLO global analysis. 

We find that the primary effect of the gluino (in terms of PDF’s) is to modify the 
evolution; therefore, to place strong limits on the gluino, we need data with a large lever 
arm in Q. In this respect, the Tevatron jet data can provide powerful constraints if the gluino 
channel is implemented. In general, the standard QCD fits prefer a small a, while the SUSY 
light gluino fits prefer a large as. 

In conclusion, we find that the new NLO precision PDF’s with errors can make a stake- 
ment about the light gluino; however, the exact statement will depend on including a) the 
electroweak constraints on as, and b) the Tevatron jet data While we can make extract 
some conservative limits in this present analysis, a more detailed and integrated analysis can 
obtain even stronger limits: Such investigations are being pursued. 

This work[25] is performed in collaboration with Pavel Nadolsky (SMU), Ed Berger 
(Argonne), Jon Pumplin (MSU). 
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2.4 7 

In 1994 we introduced the ACOT (Aivazis, Collins, Olness, Tung) method for calculating 
heavy quark production; this approach has been widely adopted.[30,31] In reference [8] we 
introduced an iinprovement of this scheme that dramatically simplifies the form of the ex- 
pressioils that enter the calculation. This is now referred to in the literature as the Simplified- 
ACOT (S-ACOT) scheme. This technique gives us the ability to carry our calculations out 
to a higher order in the perturbation expansion as compared to previous techniques. 

Specifically, this prescription, inspired by the scheme advocated by Coilins [48,49], allows 
u b  to iieglect the heavy quark mass for any initial state leg which has a cut (on-shell 2 
projectioii operator) on that leg. This yields a tremendous simplification for a wide range 
of calculations. If we consider the NLO DIS heavy quark production process, we are able 
to neglect the quark mass in the LO process (Wc --+ c)  and in the NLO quark-initiated real 
process ( W c  + gc) as well as the NLO quark-initiated virtual process (Wc + c) ;  the only 
subprocess where we must retain the mass is the NLO gluon-initiated process (Wg -+ cE). 
While at first glance it may appear that we are neglecting masses in a haphazard fashion, the 
proof' hv Collins demonstrates that this technique is systematic and extensible order-by-order 
iii pertaurbatioii theory. 

\Tv have prformed a numerical study for heavy quark lepto-production and shown that 
tlw S-ACOT ( Siniplified-ACOT) scheme is numerically equivalent to the ACOT scheme. 
Both schemes are extensible order by order in a,. At O(ai) we already find significant 
simplification in the S-ACOT scheme as compared with the ACOT scheme; this simplification 
becomes eveii more dramatic at higher orders. 

THE SIMPLIFIED-ACOT (S-ACOT) SCHEME 

This result has been published in Ref. [8]. 
As an extension of the DIS case above, we are studying hadronic production of b-quarks 

where we can make use of the massle&O O(a:) b-quark initiated subprocess (e.g., b+g -+ 

b + y  fg)  as an iiiput to the massiv€LACOT calculation. With the help of graduate student 
Jack Daeschler (SMU), and some assistance from Bill Kilgore (BNL), we modified the JetRad 
computer code to extract the relevant K-factor for this subprocess. It appears that we can 
geiierate sufficient statistics using this technique to obtain the full NLO O(cr:) results, thus 
extending the calculation of Olness, Scalise, and Tung.[50] This work is ongoing. 

This work was presented at a number of workshops[4,19] as well as Ref. [8] 

2.4.8 

Recent advances have enabled theorists to make increasingly precise predictions by resum- 
ming the threshold logarithms and the qT logarithms into a Sudakov form factor. We are 
extmding this work to the case involving heavy quarks by using a combination of the Su- 
di~kuv tecliiiiclues pioneered by Collins, Soper, and Sterman (CSS) ,G and the new S-ACOT 
hi iiialisin. This work was performed in collaboration with Nick Kidonakis (Cambridge), 
Pavel Nadolsky (SMU), and C.P. Yuan (MSU), and is published in Ref. [20,21]. Nick is an 
expert in the threshold resummation, Pavel is an expert in the qT resummation, and C.P. is 
an expert in general resummation techniques. 

In this work, we used the CSS formalism[51] to resum the qT logarithms, and merged 
this with the S-ACOT formalism[8] to resum the logs involving the heavy quark mass. The 
combination of the CSS and S-ACOT formalism works very well, and provides a straightfor- 

DUAL RESUMMATION FOR DIS HEAVY QUARK PRODUCTION 

GC:ollins, Soper, Sterman (CSS), Ref. [51]. 
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ward extension of the resummation techniques to the case of heavy quark productioii. As 
expected, the results display the correct limits both as A4 -+ 0 and qT ---f 00. An unexpected 
dividend of this approach is that for sufficiently heavy mass (M >> A,,, ), the resulting 
distribution is insensitive to  the non-perturbative Sudakov form factor; therefore. this tech- 
nique provides a testable prediction without the need to include (a somewhat id ) i t r r  an-) 
non-perturbative Sudakov form factor. 

Having completed this first step, there are a number of possible directions for further 
avenues investigation. First, we plan to  examine the production of lighter quarks (e.g.. the 
charm quark) where the effect of the non-perturbative Sudakov form factor does have a 
significant effect. If we can provide accurate predictions for the types of distributions that 
HERA can measure, we may provide a window on the non-perturbative physics due to the 
soft radiation. 

Second, we plan to perform a joint resummation that allow us to  apply a single formalism 
to the entire kinematic range. This investigation builds on some previous work by Kidonakk 
who has studied the threshold resummation logs. While devising an all-orders method to 
jointly sum the threshold and qT logs may be a longer term project, if we coilstrain our 
calculations to  O(ai) the analysis is straightforward as the problem of “double counting” is 
tractable. 

This work has appeared in a number of conference reports,[l8-20] and the long paper is 
published in Ref. [21] 

2.4.9 STRONGLY INTERACTING MASSIVE PARTICLES (SIMPS) 

The nature of the dark matter in the universe is a question of great interest for particle 
physics since the successful standard model has no candidate with the right properties. I t  
is, therefore, hoped that determining the properties of the dark matter particle can pro- 
vide important information about the nature of new physics beyond the standard model. 
One intriguing candidate that has been discussed in literature is a stable massive strongly 
interacting neutral particle (SIMP), henceforth denoted as X. 

The purpose of our study was to build upon Re.f [52] in two directions. First we computed 
X binding and abundance in gold as a function of Mx and cx ; results for other heavy 
nuclei will be similar. Second, we make an initial estimate for detection of X - X  pairs at the 
Fermilab Tevatron. 

We find that searches for SIMPs in anomalous nuclei are much better carried out in high 
2 nuclei where the SIMP kinetic energy is minimized so that the chances of binding are 
maximized. In particular, a proposed accelerator mass spectrometry experiment in gold 16 

capable of discovering or eliminating SIMPs over -80 percent of the relevant portion of the 
(ox , Mx ) plane, so long as the low energy X-N potential is attractive, (the likely event).[53] 

Looking for X at the Tevatron is difficult. One needs events in which there are no high 
energy particles at the vertex or in the electromagnetic calorimeter, but there are showers 111 

the hadron calorimeter. The range of Adx values for which the hadron calorimeter showers 
are sufficiently energetic goes up to  50 or 100 GeV for the MX mass. The range for which 
the shower opening angles are sufficiently wide to distinguish them from neutron or Kaon 
showers begins around 25 GeV for the Mx mass. Although this region is limited, it iiicludes 
at least half the region of interest for a possible UHECR explanation.[53] 

This work has been published in PRD[54] and in a number of workshop reports.[0, 71 
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2.5 CTEQ Collaboration Research Activities: 

The CTEQ (Collaborative Theoretical and Experimental Studies of QCD) collaboration 
is comprised of 25 theorists and experimentalists who are pooling expertise and resources 
on comnion objectives that will contribute both to their individual projects and to the 
whole corn~iiuiiity.~ This initiative evolved naturally from collaborative work on QCD phe- 
nomenology, aiid concentrates on tasks which demand a combined effort of theorists and 
experimentalists. 

Research topics include: global QCD analysis and extraction of parton distributions; 
di-muon production in deep-inelastic scattering and the strange-quark distribution; direct 
photon production; W- and Z-production; jet cross sections; heavy flavor production; higher- 
order calculations and resummations; higher-twist effects; and spin effects. Many of these 
topics overlap with my research areas described above. 

~ O R K S H O P S ,  SUMMER SCHOOLS, HANDBOOK: 

0 CTEQ Summer Schools: The CTEQ collaboration continues to host a series of 
stiiniiier schools on QCD analysis and phenomenology. Of the recent schools, I’ve lectured 
at the 2000. 2002. and 2003 schools.’ 

In 2003 we held the 10th school together with the Institut de Fisica d’Altes Energies 
(IFAE) (Universitat Autonoma de Barcelona) from 22 - 30 May in Sant Feliu de Guixols, 
Catalonia, Spaiii. The 2002 CTEQ Summer School was held from 2 - 10 June at the Univer- 
sity of Wiscoiisin. Madison. The 2001 CTEQ summer school was held in conjunction with 
the new Institute for Particle Physics Phenomenology located at the University of Durham. 
The 2000 CTEQ summer school was held from 30 May to 7 June 2000 at Lake Geneva, WI. 

A school is planned for June 2004 to be held at the University of Wisconsin, Madison. 
In addition to the usual topics, this school will include special emphasis on the interface 
between particle aiid nuclear physics. 

C T E Q  Handbook: 
proven to he a valuable resource for both students and practitioners.[55] An indexed PDF 
(Portable Document Format) version is now available on the web, and updates and supple- 
mental materials will also be posted. 

Additionally, Jeff Owens has compiled a “Top Ten Lists” of problems in perturbative 
QCD; measurements we would like to see; calculations we would like to see; phenomenological 
projects we would like to see. Dave Soper hosts “A Potpourri of Partons Page at the 
Liiiversity of Oregoii,” and I’ve compiled “The CTEQ Pedagogical Page” at SMU. These 
pages are all linked from the main CTEQ page at www.cteq.org. 

The CTEQ Handbook of P e r t u b t i v e  QCD : V e r s i o q  &as0 

. 

‘Current members are: Edmond Berger (Argonne Nat. Lab.), Raymond Brock (Mich. St. U.), John 
Coilitis (Peiiii. SL. U.), .Janet Conrad (Columbia U.), Bill Gary (UC-Riverside), Walter Giele (Fermilab), 
.loev Huston (Mich. St. U.), Steve Kuhlmann (Argonne Nat. Lab), Jorge Morfin (Fermilab), Steve Mrenna 
(Fermilah). Fredrick Olness (SMU), Joseph Owens (Florida St. U.), Jonathan Pumplin (Mich. St. U.), 
Jian-Wei Qiu (Iowa State), Heidi Schellman (Northwestern U.),  Davison Soper (U. of Oregon), Jack Smith 
(SUNY-Stony Brook), George Sterman (SUNYStony Brook), Dan Stump (Mich. St. U.), Wu-Ki ’kng 
(Mich. St. U.), Nikos Varelas (UIC), Harry Weerts (Mich. St. U.), James Whitmore (Penn. St. U.), C.P. 
Yuan (Mich. St. U.), and Dieter Zeppenfeld (U. Wisconsin). 

‘.A complete listing of the CTEQ summer schools is available on the web at: wvw . cteq. org 

35 

http://www.cteq.org


THEORETICAL TASK FREDRICK OLNESS 

0 Workshops: We sponsored a joint meeting between CTEQ and The Matrix Ele- 
ment/Monte Carlo Tuning Working Group at Fermilab from 29-30 April 2003.' 

In the past, the CTEQ collaboration participated in the "QCD and Weak Boson Physicu" 
workshop which was part of the Tevatron Run I1 series. Topics included: the inclusive jet 
cross section (especially high ET) in QCD;[56] measurements of a,; implication of collider 
measurements on parton structure of the proton; ]cT effects in photon, jet and W/Z cross 
sections; beyond NLO QCD-resummations-experimental clues and theoretical status; QCD 
issues in top production; comparisons of Tevatron and HERA physics; implications for LHC 
physics. 

Past conferences have been successful, and future workshops are being discussed. 

'Details at: cepa. f nal . gov/CPD/MCTuning. 
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2.6 Future  Work: 

0 Future Projects:  
iiarrative, there are a few pressing items that I would like to highlight. 

While I have touched on possible future research topics in the above 

0 The dimuon data from CCFR and NuTeV experiments (which strongly constraints 
the s-quark distribution) is now implemented in the CTEQ global analysis. While we 
have produced “personal” PDF’s for the sinew analysis, the dimuon data will be an 
important ingredient in the next generation CTEQ7 distributions. 

0 The Tevatron Run I1 is producing copious amounts of charm and bottom quarks. 
Bv studyiiig W+ charm production, we can obtain information about such subpro- 
( (~ssc~s  iiiiwlviiig heavy quarks in an entirely new kinematic range. This is an area 
where the higher machine luminosity combined with the vertex detector upgrades can 
generate a large improvement over the Run I analysis. 

0 Given that most NNLO QCD calculations are beyond reach (at least for the moment), 
resummation techniques provide a means to pick up the dominant higher-order terms 
with finesse. Our results obtained by merging the CSS and S-ACOT formalism are 
promising, and we plan to extend this analysis to also include the threshold logarithms. 

0 MTliile t lie long-standing F2 discrepancy between charged and neutral current processes 
lis.< l w i i  wsohwl, the current AzF3 discrepancy poses a fundamental challenge. By 
resolving these issues, we better prepare ourselves to understand upcoming data from 
Tevatron, RHIC, and LHC, particularly in the low 2 regime. 

0 Although there are many unresolved puzzles regarding heavy quarks, the newly released 
CTEQGHQ distributions allow us to investigate related issues, including the question of 
intrinsic heavy quarks. In particular, we plan to exploit fully the freedom of intrinsic 
heavy quarks to determine whether these extra degrees of freedom can improve the 
fit. An iii-depth comparative analysis could provide significant insight on this problem 
which is relevant for heavy quark production at Tevatron Run I1 and LHC. 

While only a few items are listed above, the long-term goal is to  maximize the use of 
fixed-target and Tevatron Run I data in the analysis of Run 11, and then apply this to LHC 
data. This effort requires both 1) theoretical support to facilitate the experimental analysis, 
and 2) a continual updating of the global fitting modules to stay current with data and 
theory. This analysis impacts a broad range of fundamental measurements which are critical 
in the search for “new physics.’’ 
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3) Vigdor L. Teplitz: Progress Report and Proposal 

3.1 Past Work 

3.1.1 SUMMARY 

It should be noted that I am currently on leave from SMU at the NASA Goddard Space 
Flight Center, in Greenbelt, Maryland. I am, half time, Chief of University Programs and, 
half time, on astrophysics research, which includes some portion of effort on interagency 
coordination of the “physics of the universe” response of NASA, NSF, and DOE to the 
“Quczrl<s to the Cosmos” report of the National Academy of Science’s committee on science 
at the astronomy-particle physics border chaired by Michael Turner. 

Over the past six years, I have worked in six areas, with 18 refereed papers, [l-181, 
conference proceedings [19-231, and several talks. The five areas are: 

-Strange quark matter (SQM) 111, [2] - matter with up, down, and strange quarks - pos- 
tulated by Witten in 1984 as a potential dark matter candidate. With an SMU seismologist, 
a search for possible SQM nuggets with multi-ton masses passing through the Earth was 
made in seismic records. A strong candidate set of reports from seismic stations, in 1993, 
was found. Signal arrival times, unusual waveforms for those stations from which waveform 
dnt.ti is wailsble, intensity decreases, and array pointing are all consistent with such passage. 
A paper submitted to the Bulletin of the American Seismological Society has been revised 
and accepted subject to making the introduction accessible to seismologists. [l]. 

-Limits on Strongly Interacting Massive Particles (SIMPs) [3-81. Neutral, stable SIMPs 
have been suggested as a dark matter candidate and as a candidate for ultra high-energy 
cosmic rays, and they are predicted in supersymmetry models in which the lightest super- 
symmetric particle is strongly interacting (e.g., the gluino). Mohapatra and I suggested in 
Phys. Rev Letters [3] (see also [4]) that the best place to search for SIMPs would be in 
accelerator mass spectrometry with heavy element beams (uncertainty principle argument). 
Purdue conducted a search. I collaborated [5-81. -Mirror Matter[S-121. There is longstand- 
iiig interest ill ail “asymmetric mirror matter model” in which, in addition to the familiar 
standard model particles, there exists a second, non-interacting, except through gravity, copy 
of the standard model. We made a few applications of the model to  current astrophysics 
issi ies . 

-Other Particle Physics Theory [13-161. I wrote 4 papers with various co-authors on 
particle physics topics, including limits on Pauli Principle violation by nucleons 1131, gamma 
production in neutrino gamma scattering [14], supernova constraints on superlight gravitinos 
[ 151, and Kaluza-Klein energy loss in dense plasmas [16]. 

-Solar System Physics [17-181. I worked on two limits on dust in t.he Kuiper Belt. The 
first came froin the fact that Pioneer 10 spent a decade in the Kuiper Belt without being hit 
by any dust that would penetrate its propellant tank (for spinups) [17]. The second came 
from COBE’s IR survey which set IR limits on Kuiper Belt emission [18]. 

--Gravity [r25]. I am currently finishing a paper on radiation of quanta of a quintessence 
field by binary systems. If such radiation were an important energy loss mechanism, such 
systems could illuminate properties of the field. However, based solely on the minimum 
coupling required by general covariance (covariant derivative in the D’ Alembertian) it is not 
important as an energy loss mechanism. Based on the rate at which the Hulse-Taylor binary 
pulsar rotation rate is changing, we set a limit on a parameter in an exact solution of the - 
coupled equations for a scalar field in the presence of a compact object and for the (external) 
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metric. 

3.1.2 STRANGE QUARK MATTER (SQM) 

Witten, in 1984, suggested [26] that the lowest energy state of baryonic matter could be 
matter of nuclear density (1013g/n3) composed of up, down and strange quarks. Matter 
with just up and down quarks, at zero pressure, dissociates into nuclei made of protons and 
neutrons. With three Fermi seas to share kinetic energy under the Pauli principle, straiige 
quark matter (SQM) would have about 10 percent less kinetic energy to offset the saiiie 
(attractive) potential energy and binding might result. If SQM is bound, the binding energv 
per quark rises toward an asymptotic value, permitting macroscopic nuggets. Indeed. if SQM 
is bound, neutron stars may be formed as, or soon become, strange quark stars. Witten [2G] 
proposed a (controversial) mechanism for SQM nugget forination in the early ui i ivc iw iiiitl 

suggested SQM as a dark matter candidate. 
Witten 1261, and de Rujula and Glashow [27], suggested that SQM nuggets. in the niulti- 

ton range might be detected, as they passed through the Earth, froin their seismic signal. 
Because of its high density, a SQM nugget of more than a grain, with the galactic \k in1  
velocity (around 250 km/s), would not stop in the Earth. As it passed through along 
some chord, it would emit seismic waves (speed around 10 km/s) as a charged particle does 
Cerenkov radiation. A seismic station would hear the first signal arriving from the point of 
closest approach (POCA) on the chord. The six variables, time of entry, entry latitude and 
longitude, and (vector) velocity could be fit by six reports of seismic signals by six seismic 
stations. We first did a monte Carlo calculation, in 1996 [28], to see the sensitivity of the 
existing network of seismic stations to such signals (demanding that at least 7 stations hear 
the signals to eliminate the chance of random coincidences). We then turned to real data. 
i.e. reports from seismic stations, provided by the U.S. Geological Survey (USGS). 

USGS provided about 9 million station reports from 1981 through 1993. We analyzed 
those from 1990-1993 when the most sensitive stations were on line. We discarded two thirds 
of the reports which had been associated into earthquakes. We discarded unassociated 
reports within an hour of an earthquake of magnitude greater than 4.5. This left about 
40,000 reports for 1993 from the most sensitive stations. We found one set of 9 reports for 
which the timing of first arrivals was consistent with SQM nugget passage. Fits t,o siiigle 
point sources and to two point sources were significantly worse than fits to line events. 
Two stations were arrays rather than single seismometers permitting deteriniiiatioii of signa.1 
direction. Those were toward the POCA. Where waveform data was available from the 
stations, those waveforms were not characteristic of point events (or noise). Wavefor im 
showed signal decrease at times corresponding to nugget exit from (or entry into) the Earth. 
as would be expected from signals coming from both sides of the POCA changing to signals 
coming from one side. We believe that these results show that the events giving rise to the 
set of reports must have been line events, not point events (or noise). We know of no other 
explanation for line events than SQM nugget passage. 

Our paper [l] was revised significantly and new work added during fall, 2002 for the 
Bulletin of the Seismological Society of America 1291, and has now beeii accepted suhjcrt 
to making the introduction more accessible to seismologists (use of *’Fermi sea” without 
explanation eliminated, for example). A version with a revised introduction was sihinitted 
in early July, 2003. It should be noted that work in fall, 2002, included identifying a dozen 
and a half instances of 10 or more seismic reports within 10 minute windows that could not be 

44 



THEORETICAL TASK VIGDOR L. TEPLITZ 

fit by assuming point-like sources at depths less than 750 km (Earthquakes, explosions) and 
appreciating the fact that this is far above the prediction of Poisson statistics for a data set 
that, averages roughly one report in each 10 minute window. Only one of these sets could be fit 
Kith c~ line event. We thus believe that there is a strong possibility that these reports indicate 
a possible new geological phenomenon. It is possible that that phenomenon constitutes a 
background for identifying nugget passage. However the nugget interpretation of the one line- 
like event is supported by considerable supplementary information from waveform shapes and 
other considerations. 

3.2 Proposed Work 

3.2.1 STRANGE QUARK MATTER 

I piupube tu wiitiiiite the strange quark matter work, including the following: 
-Continued investigation of the 1993 candidate nugget passage. 
-Careful estimate of the mass of the nugget that it would represent. This will depend 

on (the -3/2 power of) the fraction f of energy released by the passage of the nugget that 
goes into the seismic signal. 

-Estimating f taking into account energy lost in ionizing rock atoms and other effects. 
-Estimating the likely galactic density of nuggets of such mass and the number that 

-Searching for possible confirmatory technologies. 
-Planning a mure thorough search for such nuggets with improved programming and 

niiglit be captured by the sun or into orbit around the sun. 

current data. 

3.2.2 DARK ENERGY PHENOMENOLOGY 

Recent results. theoretical and observational, tend to show: (a) that the mass-energy density 
of the universe is that of the critical density, pc = 1O4h;eV/cm3, where the Hubble parameter 
H is hHo with Ho = 100km/s; (b) that the matter density,’&, gives C&, = A /pc  M 1/3 
aiid Q, . the baryon fraction, is about 0.05; and (c) that the remaining 2/3 of the critical 
deiisitfv is in the form of dark energy: either a cosmological constant (non-vanishing vacuum 
energy, A )  or a non-zero value for a scalar “quintessence” field, 4, that provides an effective 
(slowly-varying) cosmological constant in Einstein‘s Equation (either alternative causing the 
expailsion of the universe to  accelerate) with 0, E = pD E / p c  M 2/3. See [30] for a recent 
review and references. [30] explains why it gives acceleration. 

The above sketch has two major sources: results on the cosmic microwave background 
tliat R,,, = 1 aiid results from observations of supernovae of type Ia, used as “correctable 
candles,” in the redshift range z N 1, showing that the universe is expanding now more 
rapidly thaii earlier. Such acceleration requires a dark energy component with a ratio of 
pressure, pDE. to energy density of w = pDE/p,E < -1/3. Crucial problems are to deter- 
iiiiiie: whether or not w is, in fact, -1 (cosmological constant case); its time variation; and 
the underlying field 4. 

I propose to consider a variety of field theory quintessence models, such as tracker models, 
string theory inspired models, supersymmetry and supergravity models, models with broken 
global symmetries, axion related models, etc. See [32] for a brief review. The plan is to iden- 
tify, where possible, phenomenologies that might give more direct insight into a quintessence 
field and its interaction terms. Directions could include the effects of strong and/or rapidly 
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changing gravitational fields, possible non-gravitational interactions, and q!~ - partzcle (quin- 
ton) production estimates. For example, one might whether whether copious production 
of very light ( 10-31eV) quintons in rapidly changing gravitational fields could change the 
expected LIGO signal from coalescing black holes or be a factor in supernova energy balance. 

One important direction, in which some progress was made in the past year [25] is the 
interaction between possible quintessence fields and strong and/or rapidly changing gravita- 
tional fields. There is, of course, an extensive literature on the singularities in gravitatioiial 
collapse (see [33] for a review and references) which should prove of assistance. 

The work in the past year, in collaboration with Demosthenes Kazanas of Goddard, fo- 
cused on binary systems. It is also possible to attack numerically the coupled equations 
for matter, gravitational field and quintessence field, in the approximation of’ spherical syiii- 
metry, for both the time-dependent (collapse) and static cases, and to investigate how the 
solutions vary among different quintessence models. I would hope to include matter in an 
accretion disk, at least approximately. Results might include: potential modifications to SLI- 

pernova models in the presence of a quintessence field, at least for some quintessence fields; 
modification of the gravitational field about black holes in the presence of quintessence fields; 
and, particularly, potential effects on matter in accretion discs. Because of the weakness of 
the gravitational coupling, it is not at all clear that measurable effects will emerge. However 
it is important to see. 

The application to (type 11) supernovae would be accomplished in collaboration with E. 
Baron of The University of Oklahoma. Baron, an expert in the field, maintains a hydrody- 
namic type I1 supernova code, of about 100 pages or so, with which I have some familiarity 
from previous work. It uses a modern equation of state and includes general relativity in both 
hydrodynamics and radiation (neutrino) transport. Adding coupling to a scalar quintessence 
field, and varying the potential to try different models, could be relatively straightforward. 
The possibility of significant energy loss into quintons follows, in part, from the fact. that,. 
whereas energy loss into gravitons is suppressed by the approximate spherical symmetry of 
the collapse coupled with the spin 2 of the graviton, there is no such barrier to radiating 
scalar quintons. More generally, the type I1 supernova bounce gives rise to particularly large 
and rapidly varying gravitational fields around the bounce. 

It should be noted that potential effects on matter in accretion disks are of particdar 
interest. NASA is preparing for a decision on a major x-ray mission, Coilstellation X, and 
developing technology for a later “Vision Mission,” MAXIM, that would use x-ray interfer- 
ometry [34]. MAXIM would have resolution at the sub micro arc second level, sufficient to 
resolve iron K-shell lines from disks around the galactic central black hole to about 10 per- 
cent of the hole radius. Measuring line shifts as a function of radius should permit separating 
doppler and gravitational red shifts and thereby determining the gravitational field around 
the black hole, and any effect on it from coupling to the quintessence field. A possibility of 
measurable effects follows from the facts that the dark energy density must be on the order of 
pDE M 103eV/cm3 to fit the type Ia supernovae observations while the energy density in tlie 
gravitational field around the black hole is of the order of pG M GM2/R4 M 107’eV -crn/R4. 
This gives the two equal at about a tenth of a light year, while submicro-arc second reso- 
lution permits spectroscopic examination of the area around the black hole at the galactic 
center with resolutions a thousand times finer. It should also permit observatioiis of the 
disks around closer-by, solar-size black holes. 

One interesting application of simultaneous solution of the equations for the metric tensor 
and the quintessence field would be quantitative study of effects pointed out by Adams et 
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a1 /35]. Tliey fiiid a. inass on the order of lOZ4gm above which black holes absorb energy 
filoiii a iioii-zero vacuuin energy of the above magnitude more rapidly than they emit energy 
bv Hawking radiation, and a mass on the order of 1056gm above which there is no solution 
to the equation for the black hole’s apparent horizon (hence an upper limit on black hole 
size roughly the mass of the universe). In between, they estimate the rate of black hole 
growth. but do not take into account the effect on the vacuum energy. This issue could be 
addressed more quantitatively under the program described above. It is not, however, clear 
that observable effects are to be expected. 

In yet another direction on dark energy phenomenology, I have been having conversations 
with Mohapatra about work in this area. One candidate is examining, for possible application 
to dark energy, a model that he and collaborators developed for primordial inflation. That 
model has the interesting feature that the scalar field lives in 4+n dimensions, in the bulk. 
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4) Pave1 Nadolsky: Progress Report and Proposal 

During my postdoctoral appointment at Southern Methodist University in 2001-2003, I h a w  
published six papers [1-6] in refereed journals. One of these papers (Rcf [l:) l i ~ s  i w  ( ~ i i ~ o ~ l  
more than 100 citations as of July, 2003. Two more papers [7,8] are published as coiit,Iil)ii- 
tions to the Proceedings of Snowmass 2001 workshop. The results were presented at three 
workshops [9-111 and three conferences [12-141. In 2003, I have also presented oui results 
at the invited seminars at Fermi National Accelerator Laboratory, Florida State Univer- 
sity, and Wayne State University. Two more research projects [15,16] are currently in the 
pre-publication stage. 

4.1 

During the past years, the CTEQ Collaboration and other groups have developed clunntita- 
tive methods for estimating uncertainties due to the imprecise knowledge of parton distxibu- 
tion functions (PDFs). Such methods are particularly needed to adequately describe several 
sets of high-precision data, such as the measurement of the W-boson mass at the Tevatron. 
Ref. [l) has presented a new generation of PDF’s (CTEQG), which has significantly extended 
previous global analyses on two fronts: (i) a full treatment of all available experimental cor- 
related systematic errors; (ii) a systematic treatment of uncertainties in the PDF’s and their 
physical predictions, using a recently developed eigenvector-basis approach to the Hessian 
method [19]. The project resulted in the development of forty one PDF sets, which can be 
utilized by any user to estimate the PDF uncertainties in any QCD calculation. The work 
has also estimated errors in parton luminosity functions at the Tevatron and LHC and ana- 
lyzed theoretical uncertainties due to the small-a: physics, higher-twist terms. and functional 
form of the PDF parametrization. Refs. [7] and [8] applied the CTEQ inethod to estiiiiate 
the PDF uncertainties in the actual particle reactions of single top quark production and 
associated production of W- and Higgs bosons at the Tevatron. For single-top production, 
we found that the PDF uncertainty on the cross section is of order 15% and will substan- 
tially affect the accuracy of the measurement of the t b  coupling. Our calculation significantly 
improved reliability of this uncertainty estimate as compared to the earlier analyses. On the 
other hand, we have shown that the PDF uncertainties are small and under good control in 
associated WH production; hence the PDF error will not be an obstacle in the analysis of 
that reaction. 

Ongoing and future w o a i t h  the newly developed statistical tools, the PDF analysis 
can now determine quantitative limits on the presence of new physics - the possibility which 
was not available just a few years ago. We are currently studying [15] the compatibility of the 
world hadronic data with the possible existence of strongly interacting superpartners with 
the masses below 20 GeV. Such particles cannot be confidently excluded by direct searches 
or LEP data [20] and may be even invoked to explain too large bottom production cross 
section observed at the Tevatron [21]. According to our results, the global aiialysis can rule 
out gluinos with the masses of order 5 GeV or less, but does not rule out the gluinos wit,li 
the masses between 10 and 20 GeV, i.e., in the range needed to explain the excess of the 
bottom quarks at the Tevatron. On another front, we are investigating the impa.ct vf tlie 
PDF uncertainties on the ipeasurement of the W boson mass MW at the Tevatroii [17]. As 
it is well known, the high-precision measurement of Adw is one of the importaiit tests of 
the Standard Model planned in the Tevatron Run-2. Given that the PDF uncertainty is a 
major systematical error in this measurement, our goal is to better evaluate its inagiiitucle 

Uncertainties in parton distribution functions 
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aiid determine ways to reduce it by improving measurements of the PDF parameters. 

4.2 Soft par ton  radiation in hadronic reactions 

During the past year, we have published the papers [2-61 on resummation of large logarithms 
in several hadronic reactions. Such logarithms appear in transverse momentum distributions 
at sinal1 transverse momenta qT due to the incomplete cancellation of soft singularities. Our 
studies have followed the approach by Collins, Soper, and Sterman [23] to sum such soft 
logarithms through all orders of perturbation theory. 

4.2.1 TRANSVERSE MOMENTUM RESUMMATION FOR HEAVY QUARKS. 

In Ref. [2], we proposed a method for resummation of transverse momentum distribu- 
tions in heavy-quark production in the Aivasis-Olness-Collins-Tung factorization scheme 
[22]. This novel method essentially combines two well-established theoretical frameworks 
(Colliiis-Soper-Sterman resummation and variable flavor number factorization scheme) to si- 
multaneously sum the logarithms of the transverse momentum log"(Q/q,) and heavy-quark 
inass log"'(Q/h/l) (where Q is the hard scale in the process). To achieve such combination, 
we had to solve several theoretical challenges arising from the presence of three distinct 
irioiiierituin scales Q, qT, and M .  In contrast to the other existing approaches, our method 
con ec,tly organizes perturbation theory at any scale Q above the heavy-quark mass thresh- 
old and can be applied to a variety of processes involving heavy quarks. In Ref. [2], it was 
discussed on the example of heavy-flavor production at the e p  collider HERA, where it leads 
to inore accurate reconstruction of charm and bottom contributions to the DIS structure 
fuiictioiis. For example, we have shown that the reconstructed bottom contribution to the 
structure function F2(z,  Q2)  can be much larger than the value obtained with the currently 
used method froin Ref. [24]. Our results may also provide clues to understand the excessive 
bottom production rate observed at the Tevatron and HERA. 

Future w o r k  We plan to implement our results in a Monte-Carlo resummation program 
and perform a detailed analysis of charm and bottom production data from HERA. We 
are also working on all-order resummation of threshold logarithms, which appear in heavy 
quark production when Q x M .  Our eventual goal is to consider the joint q,-threshold 
resuiiiination, which will provide the complete theoretical description of the heavy quark 
production in a wide range of kinematical variables. 

4.2.2 

In Ref. [3], we have calculated the perturbative coefficients of order a;, a: and some of 
the coefficients of order ai ,  at for the resummed cross section of photon pair production 
in gluon-gluon fusion g + g 4 yy + X. This process contributes 30 to 60% of the QCD 
background rate in the search for Higgs bosons in the two-photon decay mode p + p --t 

( H o  3 ~ y )  + X .  As it is well known, the yy mode will be extensively explored at the Large 
Hadron C'ollider to look for Higgs bosons with the mass below 140 GeV, i . c in the mass 
raiige strongly preferred by the electroweak fits and supersymmetry. Transverse momentum 
resuinination is required to better estimate the intensive background process p + p  -+ rr+X. 
Based on OUI' calculatioii (which has utilized recently evaluated two-loop virtual corrections 
[25]), we were able to derive the correct K-factor for the gluon-gluon fusion component. It 

QCD BACKGROUND T O  T H E  HIGGS BOSON SEARCH. 
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turned out to be smaller by 15 - 20% as compared to the previous estimates. leading to a 
better signal-to-background ratio in the Higgs boson search at the LHC. 

Future w o r k  In collaboration with C.-P. Yuan, we have performed a study of uncertain- 
ties in transverse momentum distributions of Higgs bosons at the LHC due to (a) unknown 
higher-order coefficients; (b) parton distribution functions; and (c) possible deviations from 
the conventional QCD factorization at small values of Bjorken z (T 2 lo-’) Preliminarv 
results of this study were presented at the Pheno 2002 Symposium [12]. The remaining task 
is to publish these results in a journal paper. 

4.2.3 NONPERTURBATIVE CONTRIBUTIONS IN W-BOSON PRODUCTION. 

The resummed cross sections receive contributions both from the perturbative and non- 
perturbative mechanisms. The value of the W-boson mass measured at the Tevatroii is 
affected by the nonperturbative contributions in the small-q, region, which at present can 
only be modeled by a phenomenological function (similar to a parton distribution). It was 
not clear until receiitly if the nonperturbative function is the same for ii class of piocc~.-c’”. 
so that, for example, the measurement of such function in the fixed-target Drell-Yan experi- 
ments could be used to constrain the nonperturbative contributions in W-boson productioii 
Our recent analysis [4] of qT distributions in fixed-target Drell-Yan pair prodiiction and 2”- 
boson production in the Tevatron Run-1 gives the positive answer. We have found a simple 
parametrization that is strongly preferred by all sets of the Drell-Yan data aiid, at the same 
time, shows a remarkable agreement with general theory expectations. Its scale dependence 
is predicted by the Collins-Soper-Sterman formalism, and its functional form agrees with tlie 
renormalon analysis. Correspondingly, our result strongly supports the correctness of the 
resummation formalism and provides a new nonperturbative resuminstion function leading 
to the reduction of the systematic error in the W-boson mass measurement. 

Future wo& Recently, new models [26] were proposed for the nonperturbative resumina- 
tion function, which are inspired by the renormalon analysis and behavior of the resuniiiied 
cross sections in the complex plane of its parameters. It has been argued in literature that 
these models better describe the transverse momentum distributions by correctly separating 
the perturbative and nonperturbative terms at momentum scales of order 1 GeV or less. In 
Ref. [16], I compare these models with the traditionally used phenomenological anzatz (b ,  
prescription), with the goal to see if the new approaches substantially improve the descrip- 
tion of 2’- and Higgs boson production cross sections. I find that, while the models [2G] 
provide important physics guidance about the nature of various terms iii tlie resiiiiinied LI (J>> 

sections, in practice they do not lead to substantial numerical differences in the predictions 
for W-,  2-, and Higgs boson production. This happens because the cancellations due to 
the interference between soft gluons of a different wavelength suppress contributions from 
the scales below 1 GeV, where the difference between the new models and b, prescription 
is sizeable. As a result, the much simpler b, anzatz remains adequate for the upconiiiig 
extensive computational studies (such as the above-mentioned study of the PDF error for 
W-boson production in the Tevatron Run-2 [17]), where it will save substantial compute1 
time and improve numerical stability. 

4.2.4 

Refs. [5] and [6] were dedicated to the analysis of soft parton radiation in vector boson 
production with longitudinally polarized proton beams at the Relativistic Heavy Ion Collider 

RESUMMATION FOR POLARIZED VECTOR BOSON PRODUCllON. 
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(RHIC). The production of W-bosons probes the flavor structure of the spin-dependent sea 
quark PDF's. We have calculated the O(crs) fully differential cross sections for W- and 
2-hosoii production in scattering of longitudinally polarized protons, with the subsequent 
( h f i \ *  of these busoiis in the observed leptons. We have resummed large logarithms due to 
sort racliatioii, arid we have written a Monte-Carlo program to provide the most detailed 
siiiiulittioii of the reaction in the presence of experimental cuts. Our lepton-level predictions 
are needed because the RHIC detectors cannot reconstruct the momentum of the W-bosons 
and have to rely on the observation of the charged decay leptons only. Using our results, 
good constraints on the shape of the polarized PDF% can be obtained directly from the 
distributions of the charged decay leptons, rather than from the less accessible asymmetries 
of the boson-level cross sections. 

Future work'fn collaboration with R. Scalise [18], we are studying in detail the radiative 
coI I  wtinns to  lepton-level asymmetries in weak boson production, with the goal to better 
cbtiiiiiLte uncertainties due to different assumptions about the spin-dependent parton distri- 
bution functions. The eventual goal of this study is to estimate the K-factors for lepton 
rapidity distributions in vector boson production, which will be conveniently used by the 
global analysis groups to derive the polarized PDF's from the upcoming RHIC data. 

New generation of p r t o n  d is t r ibu t ions  with uncertaint ies  fmm glo@lQCD an 
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0207. 01'2 ('200'2) 
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t io$. M. Nadolsky, N. Kidonakis, F. I. Olness, C.-P. Yuan, Phys. Rev. D67, 074015 
(2003). 

Diphoton prcduction i n  gluon fusion a t  smalltmnsversq BoA&nMactolsky, 
C. R. Schmidt, Phys. Lett. B558, 63 (2003). 

Tevatmn Run-1 Z boson da ta  and Collins-Sopr-Sterman resummatioq formali 
F Landry. R.  Brock, P. M. Nadolsky and C.-P. Yuan, Phys. Rev. D67, 073016 (2003). 

S o f t  parton radiation i n  p l a r i z d  v z t o r  b s o n  prcduction: thaoretical i 
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5) Stefan Berge: Progress Report and Proposal 

5.1 Recent Activities: 

The top quark, due to its large mass, plays an important rule in the standard model and 
the sear.ch for new physics beyond it. Up to now it has only been produced at the hadron 
collider Ferinilab Tevatron in p p  collisions. Supersymmetric particles will affect the top quark 
production processes by loop diagrams and may lead to large corrections. In my Diploma 
thesis I have calculated the supersymmetric one loop QCD corrections to top quark pair 
production at Tevatron. The dominant scattering process is quark-antiquark annihilation. 
The considered corrections have been calculated in the literature but different results exist 
due to an inconsistent treatment of the gluino niajorana nature. The difference arises from 
tlie relative signs of the box diagrams. I considered the discrepancy carefully and found some 
differences to both. Numerically, my result decreases the expected maximal supersymmetric 
correction to the standard model cross section from 25% to a maximum of 5% 111. 

The topic of my Ph.D. thesis deals with the production of supersymmetric particles, 
sclusrlts and gluinos, at future linear electron-positron accelerators. At every electron linear 
accelerator high energy photons arise due to the existence of beam and bremsstrahlung 
processes. Their luminosities depend upon the collider design. Furthermore, there exists 
the possibility to realize photon beams using laserbackscattering. Thus, at linear electron 
accelerators different scattering processes are possible: electron-positron/electron, electron- 
photon, and photon-photon scattering. The following squark and gluino production processes 
in e+e- and photon-photon collisions were performed in collaboration with Michael Klasen 
(Uiiiversity of Hamburg). 

Production of squarks: 
The productioii process of squark pairs in e+e- scattering up to NLO QCD has been discussed 
in detail in the literature. First, we have calculated the polarized squark pair production 
in photon-photon collisions in leading order and the corresponding resolved contributions: 

corrections to the direct yy ---t @ scattering process 131. 

Siiice gluinos couple only strongly, pair production in electron-positron annihilation and 
photon-photon scattering starts at the one-loop level. Due to this fact their production cross 
section at linear colliders is strongly suppressed. We have analyzed the gluino pair production 
for both scattering processes [4-71, considering also resolved contributions in yy scattering. 
The calculations were carried out in two independent ways. Because of different results found 
in tlie literature (constructive vs. destructive interference of Feynman diagrams), this was 
of particular importance for the e+e- + @j scattering process. We were able to confirm one 
result and present numerical evaluations for present mass bounds and future linear collider 
energies. Furthermore, we have determined the associated production of quark-squark-gluino 
in photon-photon scattering in leading order. 

For tlie calculations we have used different algebraic programs and programming lan- 
guages. The matrix elements are generated with FeynArts3 and then calculated using 
Matliematica and Form3. In addition, all amplitudes have been verified by the packages 
FevnArts3/For1nCalc3. For the numerical analysis we have developed a Fortran program for 
2 -+ 2/3 particle scattering processes with arbitrary particles in the initial and final states. 
Tlie integration over parton density functions in the initial state and over resolved functions 
are included. 

^ C  1 , - qq. .  . . -+ 4; [2]. To give exact predictions we have calculated the full MSSM NLO 
I .  

Production of gluinos: 
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5.2 Publications: 

[ 11 S. Berge, “Supersymmetric one-loop QCD corrections to top-quark productioii at FEY- 
milab Tevatron ,)’ diploma thesis, unpublished. 

[2] S. Berge, M. Klasen and Y. Umeda, “Sfermion pair production in polarized and unpo- 
larized gamma gamma collisions,” Phys. Rev. D 63, 035003 (2001) [liep-ph/0008081]. 

[3] S. Berge and M. Klasen, “NLO MSSM corrections to squark pair production in photon 
photon collisions,” in preparation. 

[4] S. Berge and M. Klasen, “Gluino pair production at linear e+ e- colliders,” Phys. Rev. 
D 66, 115014 (2002) [hepph/0208212]. 

[5] S. Berge and M. Klasen, “The production of gluino pairs in high energy e+ e- colli- 
sions,” in Proc. of 10th International Conference on Supersyiiimetry and Unification of 
Fundamental Interactions (SUSYO2), arXiv:hepph/0210420. 

[6] S. Berge and M. Klasen, “Gluino pair production in high-energy photon collisions.” 

[7] S. Berge and M. Klasen, “Gluino pair production in e+ e- and photon photon collisions 
at CERN CLIC,” in the CERN Yellow Report from the CLIC Physics Study Group, 
arXiv: hepph/0303058. 

arXiv: hepph/0303032. 
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6) Randall J. Scalise: Progress Report and Proposal 

Dr. Scalise had been a Visiting Assistant Professor at Southern Methodist University from 
1995 until 1999, and a Lecturer from 1999 to 2001. He is now a Senior Lecturer in Physics, 
charged with teaching courses and with undergraduate laboratories instruction; this is a 
perinanent non-tenure position. 

6.1 Lepton-level Spin Asymmetries in W Product ion 

(Nadolsky, S c a l i s e )  
Keak bosoii production in longitudinally polarized proton collisions at the Relativistic 

Heavy Ion Collider (RHIC) probes the spin-dependent parton distribution functions (PDFs). 
Our nest-to-leading order analysis of the experimentally accessible lepton rapidity distribu- 
tions [l] will be used by groups performing global fits to derive the polarized PDFs. 

6.2 CTEQ Projects  

CTEQ WORLD WIDE WEB PAGE 

( S c a l i s e )  
CTEQ is -The Coordinated Theoretical-Experimental Project on QCD”, Scalise created 

and continues to maintain the group’s World Wide Web Page at http://cteq.org which 
has accumulated over 21,000 hits since its creation on 23 February 1996. 

This page is the primary distribution site for the CTEQ parton distribution functions, 
which are available in several formats. CTEQ Workshop information, CTEQ Summer School 
lecture notes, CTEQ Symposia transparencies, and CTEQ preprints are also found there. 

CTEQ HANDBOOK 

( S c a l i s e ,  Yapp) 
Scalise has reformatted the CTEQ Handbook of Perturbative QCD [2] to make it available 

electronically. The Handbook is now accessible online, where it can be updated immediately 
to iiiclude the llttest experimental and theoretical results without having to wait for the next 
printing of the paper edition. 

An undergraduate physics major, Clifford Yapp, has installed the software required for 
creating a fully searchable PDF version of the Handbook including hyperlinks, thumbnails, 
and scalable fonts. The resulting document will be vastly superior to the paper edition; for 
example, cited papers will be only a single mouse click away. 

Mcdem Physiam the original paper version. 
The pedagogy can be expanded without the page restriction imposed by R e v i e w s  of 

6.3 Cluster Computing 

( H o m b s t e l ,  S c a l i s e ,  Yapp) 
A few years ago, SMU upgraded the eleven computers in the undergraduate instructional 

laboratory to 350MHz Pentium 11s. At that time, the laboratory coordinator, Scalise, de- 
cided to run the Linux operating system rather than Windows. The ,machines are used for 
laboratory instruction only six hours every weekday. Instead of allowing the CPUs to stay 
idle the remainder of the time, Hornbostel and undergrauate physics major Yapp installed 
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Condor [3] clustering software on the lab machines and some desktop machines around the 
department. Scalise has used a portion of his university grants to upgrade the memorv of 
some machines. 

Recently SMU and the Physics Department, at Scalise’s urging, shared the cost of outfit- 
ting another laboratory room with eleven more PCs, this time 850MHz Pentiuni 111s. Today, 
the cluster comprises 36 nodes. This is certainly now by far the most powerful computing 
resource on campus, constructed almost entirely from existing equipment. 

Four research groups have already expressed interest in using the cluster: Coan plans 
to run BTeV monte carlo code; Hornbostel is running lattice gauge theory simulations; 
Olness and Nadolsky are exploring parton distribution function fits and error bars: and 
Vega is beginning to run simulations related to the discovery of supersyminetry in the nest 
generation of accelerators. 

6.4 References 

[ 11 “Radiative corrections to lepton-level spin asymmetries in weak boson production” 

[2] “Handbook of Perturbative QCD” G. Sterman et a1 . (CTEQ Collaboration), 

[3] For more information on the cluster queueing system employed in this project, consult 

P. M. Nadolsky and R. J. Scalise, in progress. 

Rev. Mod. Phys. 67 1 Jan 1995, (pp. 157-248). 

the Condor Project web pages at http://www.cs.wisc.edu/condor. 
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7) Jusak Tandean: Progress Report and Proposal 

My w e n t  and current work has focused mainly on exploring various ways to study CP 
violation in processes involving hadrons. The study of CP violation addresses the difference 
between the interactions of matter and those of antimatter in nature. The origin of this 
matter-antimatter asymmetry remains an unsolved mystery in particle physics. To pin down 
the source and nature of CP violation, it is necessary to observe it in many different processes. 
So far, signals for CP violation in hadronic physics have been observed only in certain kaon 
and B-meson processes. 

The Standard Model (SM) of particle physics provides us with a mechanism for CP viola- 
tioii aiid call acconiniodate the current experimental results. However , those measurements 
still are not precise enough to rule out possible contributions from new physics (beyond the 
SM) .  Xew physics could also show up in processes which have not yet been measured. The 
olxewation of C P  violation in additional processes is therefore needed in order to clarify its 
tli\.t,ttle i~i ic l  origiii. 

7.1 

It is well known that flavor-changing neutral transitions in the Standard Model can occur 
only via loop diagrams. The presence of the loops implies that such transitions are sensitive 
not only to SM contributions, but also to new particles. One of the flavor-changing neutral 
processes that have received much attention in recent years is the short-distance s --+ dy 
transition, which is generated by the so-called electromagnetic penguin operators. The 
interest in this process has been aroused by the possibility that in certain models of new 
physics the operators can be significantly enhanced compared to their SM counterpart. This 
call be realized if the new interactions do not have the chirality suppression which occurs in 
the SM contribution. 

My recent research has explored this possibility in two different radiative weak decays. 
In the first case 111, I evaluated the new-physics contributions to s --+ dy in the hyperon 
r1eca.j. 0- + 5-7;. This decay is not yet observed, and only an experimental upper limit 
for its branching ratio is available. Various estimates in the literature indicated that the 
contribution of the short-distance s t dy to $2- + Z y  is potentially sizable. Considering 
two of the popular models for new physics, the left-right symmetric model and the generic 
s i i l )~~i 's~~ui i~i~ ' t r . ic  inoclel. and taking into account constraints from other processes, I found 
tliat .  tlieir. cuntributioiis to the decay rate can be larger than that of the SM by up to  a few 
tines [l]. This suggests that R- --+ E-7 is a likely probe for new physics. 

The other radiative weak decay that I considered is that of the neutral kaon, KL + 

n + ~ - y .  This decay has long been recognized for its potential as a searching ground for CP 
violation. The amplitude for the decay is conventionally divided into two contributions: 
inner bremsstrahlung (IB) and direct emission (DE). The IB is completely determined by 
the better known K ,  ---f T+T- process that underlies it, whereas the DE part encodes 
additional dynamical features. Since the underlying K ,  --+ mr process is CP-violating and 
hence suppressed, the more interesting DE term in the radiative decay is expected to be 
inow accessible. thereby raising the possibility of observing new direct C P  violation in this 
mode. 

My research on K ,  +'nfn-y was done in collaboration with G: Valencia (Iowa State 
University). In the resulting paper [2], we pointed out an existing discrepancy between 
the theoretical and experimental definitions of which is the CP-violating parameter 

Probing new physics in hyperon and kaon radiative weak decays 
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associated with the DE term. Adopting the experimental definition of E’+-?, we estimated 
that it could be an order-of-magnitude smaller than the CP-viohting 6’ parameter in KL - 
xx both within the SM and beyond, the latter being induced by the enhanced E - rly 
operators. This will be measurable in future experimental studies. Furthermore, we showed 
how a judicious choice of the photon-energy E; cuts can increase the sensitivity of the 
observable E’+-? to the underlying C P  violation. 

7.2 CP violation in hyperon nonleptonic decays 

Hyperon nonleptonic decays provide an additional ground for testing the SM mechanism of 
CP violation. Since a hyperon has a strange-quark quantum number, as does a kaoii, tlie 
observation of CP violation in hyperon decays will complement the experimental study of 
kaon CP-violation. In particular, recent theoretical studies in the literature have shown that 
certain new-physics scenarios could avoid the constraints imposed by kaon measurements aiid 
produce sizable CP violation in hyperon nonleptonic decays, much larger than that produced 
by the SM. The observation of such a large signal would indicate the existence of new physics, 
whereas a nonobservation could be used to constrain new-physics models. 

Much of my work in this area has been done in collaboration with G. Valencia. In a recent 
publication [3], we presented the first theoretical study of C P  violation in the iioiileptoiiic 
decay of the 0-, which is a spin-! hyperon. Therein, we estimated the CP-violating rate 
asymmetry for the decay 0- -+ Sr and found that the asymmetry could lie significantly 
larger than the corresponding asymmetries in other hyperon nonleptonic decays. This would 
make future measurements of GP violation in 0- decays potentially more feasible that those 
in the other hyperon decays. 

More recently, we turned our attention to CP violation in the iionleptoiiic decays of spin- 
!j hyperons (A, E, and E). Our interest here is motivated by experimental results that will be 
available in the near future from the high-statistics HyperCP experiment at Fermilab. The 
HyperCP collaboration is currently investigating CP violation in the decays Z- --+ An- 
and A --$ p r - .  

In Ref. [4], we updated the estimate of the strong rescattering Ax phases. which are 
relevant for studying CP violation in 2 t Ax and will also be measured by HyperCP. 0111 

calculation therein showed that the strong phase in the S-wave amplitude can he a several 
times larger than recent earlier estimates. This is consistent with a new measurement by the 
E756 Collaboration at Fermilab and appears to be supported by a preliiiiiiiary result froiii 
HyperCP. 

Very recently, we have published [5] the most upto-date Standard-Model prediction for 
the CP-violating observables being studied at HyperCP. We also estimated the uncertainties 
of our prediction using earlier results [6] obtained in the framework of chiral perturbation 
theory. Since new physics could appear in any of these hyperon measurements. it is essential 
to be able to disentangle its signals from SM effects. This requires knowledge on the expected 
size of the SM contributions. 

Currently, I am working on an update [7] of the contribution from possible new physics to 
CP violation in hyperon nanleptonic decays. In particular, I am consideriiig the effect of the 
so-called gluon-dipole operators that can be enhanced in certain models of new physics. An- 
ticipating future data from HyperCP, and incorporating the new E756 result, I am exploring 
how the models may be constrained in the near future. 
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7.3 

Within the Standard Model, B-meson CP-violation is parameterized in terms of the angles 
o :3, aiicl y, which satisfy Q + p + y = n and are associated with the so-called unitarity 
triangle. A major aim of studying CP violation in B processes is to make enough independent 
iiieasureinents of the angles and sides of this triangle so that it is overdetermined, and thereby 
to check the validity of the SM predictions that relate various measurements to aspects of 
the triangle. The recent observation of CP violation in the process Bo((Bo) + J/+Ks (and 
related ones) was a significant step in achieving this aim. The results found are in accord 
with SM expectations for sin 2p. Various other experiments are currently being performed 
to determine a and y, as well as to improve the measurement of p. 

My work in this context has been done in collaboration with S. Gardner (University of 
Kentuckv). In a recent paper [8], we considered the role of nonresonant contributions in 
the Dalitz-plot analysis of the B + p r  t rfrT-ro decay. This process has been proposed 
iii the literature as oiie of the main avenues for extracting a. In particular, we examined 
tlie role of the heavy mesons B’ and Bo, via the process B -+ r(B*,Bo) -+ n+n-7~~,  
and their interference with resonant contributions in the pmass region. We discussed the 
uiicei taiiities associated with these nonresonant contributions and suggested that the effects 
may be substantially smaller than previously indicated. 

Although the recent confirmation of the presence of CP violation in the B system is in 
accord with SM expectations, the finding does not yet imply that the SM mechanism is its 
nniyue explanation. The experimental results could alternatively arise from a superweak 
interaction, which has a distinguishing property that it produces no CP-violation in the 
(lway aiiiplitudes (direct C P  Violation). In contrast, the SM definitely does not give rise to 
a superweak scenario. Consequently, the observation of direct CP violation in the B system 
is iieeded to clarify the source of CP violation. 

We are currently exploring a new method to search for direct CP violation in the B 
system [9], recently proposed by Gardner. This will complement other methods that have 
been proposed in the literature. The new method involves the decays of untagged neutral 
B’s into self-conjugate hadronic final-states containing three or more particles. The use of 
untagged decays has the practical advantage that there is no loss of statistics due to tagging. 
The rich resonance structure that is present in the intermediate stage of multibody heavy- 
iiiesoii decays provides the possibility of forming certain combinations of amplitudes which 
caii then be used to construct observables that are even or odd under CP transformations. 
This would allow for tlie detection of direct CP violation without tagging the decaying B’s. 
Our focus in this work is on applying this method to untagged decays into three pseudoscalar 
iiieboiis, which is the iiiost feasible experimentally compared to the cases involving more 
particles in the final states. Direct CP violation in these decays would be reflected by 
cei tam population asymmetries on the Dalitz plot for the three-body filial states. 

C P  violation in B-meson decays 

[l] .I. Tandean, “New physics and short-distance s t dy transition in R- t 9-7 decay,” 
Phys. Rev. D 61, 114022 (2000). 

(21 J.  Tandean and G. Valencia, “Reanalysis of CP violation in KL -+ n+n-y,” Phys. Rev. 
D 62, 116007 (2000). 
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[3] J. Tandean and G. Valencia, “CP violation in nonleptonic 0- decays,” Phys. Lett. B 
451, 382 (1999). 

[4] J .  Tandean, A.W. Thomas, and G. Valencia, “Can the AT scattering phase shifts be 
large?,” Phys. Rev. D 64, 014005 (2001). 

[5] J .  Tandean and G. Valencia, “CP violation in hyperon nonleptonic decays within the 
Standard Model,” Phys. Rev. D 67, 056001 (2003). 

[6] A. Abd El-Hady and J. Tandean, “Hyperon nonleptonic decays in chiral perturbation 
theory reexamined,” Phys. Rev. D 61, 114014 (2000) 

[7] J. Tandean, “New physics and CP violation in hyperon nonleptonic decays,’! in preya- 
ration. 

[8] J. Tandean and S. Gardner, “Nonresonant contributions in B t pr decay,” Phys. Rev. 
D 66, 034019 (2002) 

[9] S. Gardner and J. Tandean, “Observing direct CP violation in untagged B-meson de- 
cays,” in preparation. 

62 



OUTREACH THEORETICAL TASK 

1) Outreach 

1.1 SMU Quarknet Project  

( C c a n ,  Nadolsky, Olness, Sca l i se ,  Stmynowski, Ye) 
SMU is part of the QuarkNet program. In Summer 2000, we mentored 3 high school 

science teachers. In Summer 2001, we organized (with the help of the 3 lead high school sci- 
ence teachers) a very successful two-week workshop for 15 local high school science teachers. 
Participation continued with a one-week workshop in Summer 2002 and another one-week 
workshop in Summer 2003. This workshop was well received, and you can find the comments 
of the participants, as well as other information, on the web at: 
h t  t p : / / www . p hysics .smu.edu/-olness/quarknet 

1.2 Dallas Area Science Fair 

(Olness,  Scalise) 
Olness and Scalise are the co-directors of the Dallas area science fair. The URL is 

http://DallasScieceFair.org 
The Dallas area science fair is one of the largest in the nation and is designed to comply 

with d l  tlw d e s  of the International Science and Engineering Fair (ISEF). Here are a few 
reasons why The Dallas Morning News-Toyota Regional Science and Engineering Fair has 
I)ecoiiie such a vital force in Dallas: 

0 It focuses attention on scientific experience in school. 

0 It stiiiiulates interest in scientific investigation beyond that covered in the classroom. 

0 It. highlights and rewards scientific talent through exhibit and demonstration. 

0 It provides constructive suggestions for science teachers and their students. 

0 It recogiiizes teachers for their outstanding contributions. 

0 It stimulates public interest in the scientific abilities of students. 

0 It gives students an opportunity to win exciting awards and prizes. 

1.3 Physics Circus 

(Olness,  Sca l i se )  
The SMU Physics faculty frequently perform exciting demonstration shows for middle 

and high school students. These performances stimulate interest in science in general, and 
physics in particular, in students who will soon choose their college and career path. The 
shows also spark the interest of teachers who want to bring new perspectives into their 
classrooiiis. Details can be found on the web at: 
h t  tp: / / www .physics .smu.edu/-olness/www/demos/index.ht ml 
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1.4 Mad Scientist Network 

(Scalise) 
Scalise is a member of the Mad Scientist Network (http://www.madsci.org) ill1 o i ih i i i~  

service that fosters science literacy in the general public through a question and answer 
forum. Has has fielded inquiries from individuals at all levels from middle school students 
through graduates and professionals on such diverse topics as: 

0 What’s the difference between the different string theories? 

0 Why don’t all quarks attract each other? 

0 Why is tritium radioactive? 

0 Why can’t you reach absolute zero as said by the third law of thermodynamics’? 

0 What causes the great variety in the planets’ densities? 

1.5 Debunking Pseudoscience 

(Cotton, S c a l i s e )  
Adjunct Professor John Cotton and Senior Lecturer Randall J. Scalise hwc. propowd 

a new physics course entitled “The Scientific Method (Debunking Pseudoscience)”. It was 
taught for the first time in Spring 2003 to an audience of 54 students, completely filling the 
lecture hall. Enrollment for Fall 2003 is also at maximum capacity. It is expected to be a 
wildly popular course with future enrollments exceeding 100 students (in a different room) 

The course provides students with an understanding of the scientific method sufficient 
to distinguish good science from junk science in its many guises: paranormal phenomena, 
free-energy devices, alternative medicine, intelligent design creationism, and many others. 
The majority of the students attending this course are not science majors: for some it will 
be their only exposure to critical thinking. 

Details are on the web at: http://www.physics.smu.edu/Nscalise/p3333 
The announcement of this course came soon after SMU colloquia by Robert Park, author 

of “Voodoo Science,” and by James Randi, author of many books debunking pseudoscieiice 
such as “Flim-Flam.” 
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1) SMU Theory Group Publications in Refereed Journals and 
Books 
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1) Budget Explanation 

1.1 Historical Perspective 

In the past we have been very successful in using DOE funds to leverage supplementary 
funds from the university and private donors. The University has already provided iiioie 
than $50,000 in computer funds as well as most of the support for our computer manager. 
and in addition provides approximately $150K/year of tuition and $100K/year of stipends 
for our graduate students. Private donations have funded additional computer equipment, 
a distinguished visitor program, and support for graduate students to attend the C'TEQ 
summer schools and SLAC summer studies. 

The University has been generous in hiring short-term faculty, such as Kidonakis aiid 
Tandean, to contribute with both research and teaching. We have been fortunate to hire 
first-rate candidates, and they have obtained excellent positions upon leaving SMU: Dr. Ariel 
Zhitnitsky (SMU 1993-95) has taken a tenure-track faculty position with The Universitv of 
British Columbia (Vancouver); Dr. Gilles Couture (SMU 1990-1992) is on the faculty at the 
University of Quebec (Montreal); Dr. David Robertson (SMU 1990-1993) went on to Ohio 
State University; Dr. Stephan Riemersma (SMU 1993-95) obtained a postdoctoral position 
at DESY-Zeuthen in Berlin, Germany, and Dr. Nick Kidonakis (SMU 2001-02) ohtainrd n 
postdoctoral position at Cambridge. Dr. Jusak Tandean joined the department as a Visitiiig 
Assistant Professor in 2001. 

1.2 Personnel Support 

0 Summer Salaries 
We request two months summer support for Olness, and one month suniiiier support 
each for McCartor and Teplitz; these requests are the same as last year. 

0 Postdoc 
We request continued support for one theory postdoc. 

This position is currently occupied by Dr. Pave1 Nadolsky who joined the group in 2001. 
Nadolsky is working on various QCD topics, and has a very strong record including 13 
papers written during the 2001-03 period; some of which are highly cited. Nadolsky 
has also presented a number of invited talks at major workshops. Our QCD efforts 
have been quite successful, and this position provides an opportunity to help build 011 

these strengths. 
Stefan Berge will join the group in October 2003. Stefan Berge will take Nadolskv's 
position when he completes his postdoc in 2004. SMU is providing siiI~i~leiiieiitiLr\: 
support for Berge so that we can hire him early; this will allow hini to get iiivolved 
in projects more quickly, giving us a critical advantage as we analyze Tevatroii Run I1 
data, and prepare for LHC. 

0 Graduate Student 
We also request grant support for a theory graduate student. This would relieve our 
senior graduate student of teaching duties, and allow for a dedicated effort on research 
and dissertation preparation. We have several promising candidates for this support. 

We note that our former graduate student, Eliana Vianello, completed her P1i.D. in 
May 2003, and has taken a position in Italy. 
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0 Computer Administrator 
We request basic support for a computer administrator, Terry Ryan. This position is 
funded primarily by the university. We are requesting $7K per year, which is approxi- 
iriately l/lO'th of this person's time (1/2 day per week). We believe this is a minimal 
amount to support the theory portion of the computer administration. 

1.3 Travel 

We are requesting travel funds for faculty and postdocs. The proposed budget allows for 
approsiiriately 1 foreign trip per year (-$1600/trip), and 2 or 3 domestic trips per year 
(4800/ t r ip)  This estimate is based on our past requirements and estimates of the research 
itinerary during the coming year. 

While inany of these trips are cost-shared with the host institution, it is important to 
have DOE support to make these trips happen. Additionally, SMU has provided funds for 
research travel in the form of University Research Council (URC) grants; here again, DOE 
fuiids are very powerful in leveraging additional SMU travel money. 

For exaniple, Olness travels frequently to Fermilab for research meetings/collaborations. 
He generally attends 2 CTEQ collaboration meetings/workshops and 1 CTEQ summer 
school" per year in addition to any other conferences. Olness and Nadolsky made a 10- 
clav research visit to MSU in January 2003 (not the warmest time of year to visit Michigan) 
to collaborate with Tung, Pumplin, and Stump on the dimuon and CTEQ6HQ projects. 
In July, Olness made a research visit to BNL to collaborate with Stefan Kretzer on the 
s(z) # ~ ( z )  project and its implications for sine, . 

1.4 Computer Equipment and Supplies 

The research conducted by our group is highly computer dependent. At present, the group 
has largely migrated from our DEC Alpha machines to PC's running Linux; this significantly 
reduces our aiiiiual computing costs. Most of this equipment was acquired using University 
startup funds aiid private donations. In particular, in 2002 the university purchased a new 
L i i i ~ ~  based file aiid mail server. 

We are requesting a modest amount of funds to maintain the system, and to make small 
iipgr~dcs as nccessary. Our annual expenses are based on replacing 1 Linux PC per year 
(-42.5K). plus upgrades of miscellaneous hardware (printers, memory, etc.,) and software 
(e.g., Mathematica at $895/academic license). 

'"For the CTEQ summer school travel, I often obtain partial support from either SMU or the host 
ins tit II t ion. 
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