3.  Project Description

3. a)  Research Activities 

            Editor's comments:

            This is where Ed K. makes the physics arguments and should be limited to about 3 pages.


The instrumentation discussed below has been designed and optimized for a precision measurement of the positive muon lifetime, from which the Fermi constant is derived.  Many aspects of the instrumentation and beamline development may be relevant to other fundamental experiments with muons.  In the following sections, we describe the physics motivation for the muon lifetime measurement, the equipment to be built and how each piece factors in to the success of the program.  A follow-up experiment to determine the weak pseuodscalar coupling constant is briefly described. 

Muon Lifetime and the Determination of the Weak-Interaction Coupling Constant

One of the great triumphs of high-energy physics in the last decade is the impressive agreement between theoretical predictions of the Standard Model of electroweak interactions and experiments performed at LEP, SLC and elsewhere. Most spectacular was the accuracy of the prediction for the mass of the top quark before it was directly measured at FNAL. This prediction took the measured value for the Fermi coupling constant, GF along with  and MZ as starting points and obtained a value for the top quark mass by fitting to electroweak data.  The value obtained by this method
 is mt = 17720 GeV, which compares with the current CDF and D0 average of mt = 1756 GeV.  Indeed it is input from the charged-current sector of the theory, coming solely from GF, that is the source of a quadratic sensitivity to the top quark mass and therefore drives the prediction.
  The value of GF, in turn, is best determined from the muon lifetime where it is often termed G.  The relationship is


[image: image1.wmf]d

p

t

m

m

m

m

+

=

=

G

1

192

1

3

5

2

m

G


where the term  accounts for QED radiative corrections.  

For many years, the errors on  and GF were negligible compared to that of MZ.  Now the situation has changed, and the error on MZ is 1.8 MeV, or about 20 ppm, which is comparable to that of G.  As Stuart and van Ritbergen point out in their recent definitive paper
 on the relation between the Fermi coupling constant and the muon lifetime, the expected error on the Z mass measurement at LEP was an order of magnitude larger than that which was ultimately achieved.  Measurements at a muon collider may well improve our knowledge of the Z mass by another order of magnitude. It therefore makes sense to improve the measurement of G to the extent that current facilities and technology allow, and to the extent that current theoretical understanding permits us to interpret the result.  

To this end, we have proposed
 Experiment R-99-07.1 (spokespersons: R. Carey, D. Hertzog) at the Paul Scherrer Institute (PSI).  The project has been reviewed and endorsed by the program advisory committee and approved by the PSI management.  This effort has the goal of measuring  to a precision of 1 part in 106, giving an absolute uncertainty at the level of 2 ps and a new value for GF with a precision at the 0.5 ppm level.  This represents a 20-fold improvement over the current world average, as illustrated in Fig. 1, where previous measurements are plotted along with the improvement we propose to make.  Such an experimental undertaking is challenging and in keeping with a recent trend to improve the precision of our knowledge of the fundamental parameters of the Standard Model. 
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Until recently, the relative error on the Fermi constant of 17 ppm was dominated by a theoretical error of 15 ppm, which was an estimate of unknown 2-loop QED corrections in the  term above.  In their most recent paper,3 van Ritbergen and Stuart published results for the unknown corrections, as well as confirmation of terms that had already been calculated by other authors.  The corrections are dominated by processes of two kinds: those which are purely photonic, containing no charged-fermion loops, and those containing an electron loop or e+e- pairs in the final state.  Processes involving muon loops and virtual hadrons are several orders of magnitude smaller.  Overall, the residual theoretical uncertainty arising from missing higher order QED corrections are no larger than a few tenths of a ppm and thus the theoretical uncertainty on the extraction of the Fermi constant has been largely eliminated.

Stuart and van Ritbergen also discuss the electroweak corrections to muon decay, which can be separated in a natural way from those involving QED alone. The electroweak corrections are contained in the term r where the equation
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defines the Fermi constant in terms of the Standard Model weak coupling constant g.  The authors3 summarize their work by giving an unambiguous prescription that relates  (at low q2) to the muon lifetime and the Z mass to renormalized Standard Model parameters.

The importance of GF does not end with the top quark mass prediction. Now that the top quark mass has been directly measured and incorporated into the Standard Model, our knowledge of GF will ultimately help in understanding, in detail, the Higgs sector, through its radiative corrections.  GF is also very useful in analyzing extensions to the Standard Model as discussed recently by Marciano.
  It is the input from GF through the -parameter that is responsible for the strongest constraints on sparticle mass splittings in SUSY models.  But in the end, we simply do not know what arrangements have been made by nature, and it is our belief that highly precise measurements of fundamental constants will be of enduring value in defining the limits of the Standard Model.  

Comparable examples include the enormous effort expended at CERN to determine the Z-boson mass precisely, new data on the W mass, which will lead to a determination at the few-hundred ppm level, and improved extrapolation of the running of the fine-structure constant to the Z-mass pole.  Future linear or muon colliders will aim at significant improvements in these quantities, as will current higher-precision determinations of the e+e–  hadrons/muons "R ratio" over a broad range of 
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.  Already, the low q2 knowledge of  is at the 0.004-ppm level using the results from electron (g-2) measurements, and plans are underway to decrease the error on  by a factor of 10.  

Additional Physics Opportunities 

The proposed new research instrument will open up additional opportunities for basic research.  A natural example, which we have begun to consider, is the precision determination of the weak pseudoscalar coupling constant, as described next. 

The decay of the positive muon is used for a precision determination of the Fermi coupling constant, because the stopping medium does not modify the lifetime.
  In contrast, a negative muon stopped in any material forms a muonic atom and has the additional reaction channel μ– + AZν+A(Z 1), which is recognized as the basic charged-current reaction μ– +pν + n in a nucleus.  The elementary process is characterized by weak form-factors, which provide a phenomenological description of the microscopic QCD structure of the nucleon.  Standard Model symmetries and empirical input determine the vector current form-factors gV, gM and the axial form-factor gA.  The induced pseudoscalar form-factor gP can be calculated using current algebra and chiral perturbation theory based on non-perturbative QCD, where it represents one of the most reliable and precise predictions.
  An experimental determination at a similar level of precision would pose a stringent test on the understanding of the QCD dynamics. 

Muon capture is a unique experimental probe of gP. Unfortunately, the experimental situation is very controversial at present, and gP remains the least well-known of the charged current form factors.  All previous non-radiative (“ordinary muon capture”) measurements were done with low flux muon beams, and the world average of these determinations of gP was dominated by the 1981 Saclay experiment of Bardin et al.
.  These experiments suffer from limited precision and uncertainties in their interpretation, since capture proceeds not only from the p atom, but also from pp molecular states.  The initial state must be precisely known.  This problem is less severe for the rare radiative muon capture reaction μ– +pν + n + , which was recently measured for the first time at TRIUMF
.  Their result for gP is 1.47±0.12 times greater than the theoretical prediction, a discrepancy that, up-to-now, remains unexplained.  The experimental situation then would be greatly clarified by a new measurement of non-radiative muon capture, which also avoids the problems of molecular physics, with a precision commensurate with the TRIUMF experiment, 

The Berkeley group recently participated in an experiment
 that measured the related muon capture reaction in 3He with 0.3% precision, representing a more than 10-fold increase in precision over previous efforts.  Kammel is co-spokesperson of a new experiment (accepted by PSI, Balin et al.
 R-97-05) to measure the p capture rate to 1%, which would determine gP to ~6%.  If successful, this experiment would improve the ordinary muon capture by nearly an order of magnitude and should resolve the present discrepancy between theory and the TRIUMF experiment.  

A new technique is being developed for this experiment, where muons are stopped in an active target made of a pure hydrogen TPC operated at 10 bar.  The low density of this target, compared with liquid hydrogen, eliminates molecular physics problems.  The TPC tracks the muons, defining a fiducial volume, and the decay electrons.  The 1998 Letter of Intent to PSI from Kammel et al.
 argued that this experiment (and the positive muon lifetime experiment) would greatly benefit from a chopped beam at PSI.  The next stage in the evolution of this idea was the realization that the combination of the TPC and the Lan detector, electronics, and beamline is an instrument of greater potential.  The TPC would still provide the crucial role of vertex definition and event selection, and the Lan detector would serve as the precision timing element.  If the lifetimes of both the positive and negative muons are determined to a precision of 1 and 3 ppm, respectively, the pseudoscalar coupling constant gP can be extracted at the ~2% level.  A measurement at this precision represents a marked improvement over the world data, both on radiative and non-radiative muon capture, and, for the first time, would reach the precision of the predictions based on modern effective theories of QCD.

Overview of the Lan Instrumentation Needs

A 1-ppm determination of  requires 1012 muon decays.  In order to realize this large data collection in a reasonable amount of time (i.e., a few months), an intense muon source and a detector system capable of handling multiple events at once are required.  Our approach distinguishes a muon “accumulation period” of duration 1 sec from a decay “measuring period” of approximately 20 sec and requires a pulsed muon beam and a fast, finely-segmented detector.  The pulsed beam is created by introducing a kicker device to the end of an existing high-flux continuous wave (cw) surface muon beam at PSI.  Approximately 15 muons are collected during the accumulation period.  The time of their decays is then recorded during the measuring period by detecting the energetic positrons  passing through thin plastic scintillator counters.  The energy deposited in the scintillators is converted into an electrical pulse that is sampled and digitized at a frequency of 500 MHz (2-ns samples).  This information is processed online for both systematic studies and for the final physics result.

Our plan evolves from the considerable experience we have gained in the present muon (g-2) experiment
 at BNL.  Our collaboration has been responsible for detector, electronics, data acquisition and analysis software development there.  We have experience in building counting systems with a high level of timing and gain stability.  Many of the systematic issues critical to the measurement of (g-2) apply to the Lan project as well.  We plan to build and stage Lan over a three-year period.

The Lan project is organized into four subsystems.  This document follows that structure.  In Fig. 2, an overall schematic of the project is given; the dashed boxes help define the subsystem divisions. 

Subsystem #1 should produce bursts of stopped, “depolarized” muons inside the timing detector.  To achieve the required muon beam structure, the existing high-flux, continuous E3 beamline at PSI will be chopped with a fast kicker running at approximately 50 kHz.  With a continuous beam of 1.5107 muons per second, 15 muons can be stopped in a thin solid target during a 1-sec accumulation period (see Fig. 3).  A segmented silicon wafer records the position of the muon immediately upstream of a thin sulfur stopping target.  Sulfur is used because the + are largely depolarized as they come to rest in this material.  The muon spins precess during the 1-sec accumulation period in a 75 G transverse magnetic field.  The muon spin rotates by 2 in 1 sec, thus further depolarizing the ensemble.
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Fig. 2.  Overview plan of the Lan project schematically divided into four major subsystems.  1) The beamline kicker, instrumentation, target and magnet subsystem create the source of stopped muons; 2) A 180-element timing detector including PMTs, bases and intrinsic calibration features measures the decay positrons; an individual unit, consisting of a pair of scintillators, is superimposed for illustration with a positron passing through. 3) The 500 MHz waveform digitizer bank converts the analog signals into digital records.  The bank is controlled by a clock distribution system (not shown); 4) Data acquisition is integrated with online analysis and monitoring systems via onboard fast microprocessors in order to process the data and the systematic tests in real time.

Subsystem #2 includes all the detectors which measure the energetic positrons from the decay 
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 during the “measurement period.”  Special efforts have been made to address the known and critical sources of possible systematic error, including particle pileup, acceptance asymmetries, and PMT gain and timing stability.  The Lan detector consists of 180 two-layer triangular timing tiles distributed uniformly in the 20 SuperTriangles of an icosahedron centered on the target (See Fig. 2).  The 180 tiles consist of 90 point-like symmetric tile pairs.  Sums and differences in rate between the two elements in a tile pair will be used to measure the lifetime and any residual asymmetries, respectively.  The high segmentation will help to minimize the pulse pileup, which is expected to be the experiment’s dominant systematic error.  A laser-based calibration system will be used to determine gain and timing stability of the system.  Prototype tiles have produced photoelectron yields well above the design criteria, and they exhibit the necessary uniformity when subjected to tests which emulate the passing of decay positrons.  

Subsystem #3 is the electronics.  The central feature is a bank of 500-MHz waveform digitizers (WFD) which are used to read out each PMT signal.  The WFDs are all synchronized to a standard precision oscillator with an absolute time stability better than 107.  The digitized waveforms contain the timing and energy-deposition information for each decay.  This custom system is critical to the success of our program.  Although our engineers have experience in creating a similar system for (g-2), the Lan requirements of faster sampling, larger number of overall channels, and continuous digitization/readout introduce new challenges.  Commercial devices satisfying our requirements are unavailable.

Subsystem #4 includes data acquisition and online analysis. The Lan experiment will collect almost 750,000 events per second. The times of decays and the energy deposited in the tiles, along with necessary fill information, yields approximately 100 bytes of data per event.  This implies a data collection rate of over 70 megabytes per second.  In the course of recording 1012 events, we would generate over 100 terabytes of data.  We will develop a fast acquisition/analysis system to process this data in real time, while saving only a limited sample of raw data.

These subsystems will be prepared at our respective universities (see below) and will be integrated into a coherent whole at PSI under the coordination of an Onsite Project Manager, whom we intend to hire specifically to integrate the subsystems, coordinate schedules and tasks with PSI personnel, and facilitate communication among the collaborators.  


The Lan Collaboration includes Boston University, the University of California at Berkeley, the University of Illinois at Urbana-Champaign, James Madison University (JMU), and the University of Minnesota.  The effort is being organized by the co-spokespersons, Robert Carey (Boston) and David Hertzog (Illinois).  Funds requested from the National Science Foundation (NSF) will be highly leveraged, not only by the mandatory cost-sharing required by the two universities seeking funding in this proposal (Illinois and Boston), but also by contributions from the research groups making up the collaboration.
  For example, the Illinois group will provide labor for the detector assembly, machining and pre-award costs for all prototypes; support for one FTE PDRA, two FTE graduate students, and several undergraduates; and travel to PSI.  The Boston group will support one FTE PDRA and one FTE graduate student for electronics engineering, prototype development, and computer simulations, and will support travel to PSI.  Letters of commitment to the collaboration from Berkeley, JMU, and Minnesota are presented in Section I.


Our team has considerable experience in precision measurements of this type.  The Boston, Illinois and Minnesota groups are playing leading roles in the current muon (g-2) experiment at BNL, which aims to measure the muon anomalous magnetic moment to a precision of 0.35 ppm.  Many of the tasks associated with accurate timing measurements and systematic error control are common to the effort proposed here.  The muon (g-2) experiment involves measuring in-flight muon decay from a storage ring.  The muon spin precession is the signal of interest; it is detected by electrons striking a calorimeter array.  Our groups have collectively participated in the design, simulations, construction, running, and analysis stages of the experiment.  We have built the detectors, waveform digitizers, timing electronics, data acquisition system, and supervised the development of the fast muon kicker magnet.  Giovanetti (JMU) performed one of the most recent muon lifetime experiments for his thesis, followed by a postdoctoral research associate (PDRA) appointment at PSI.  He brings this important experience to the effort, along with his present expertise in the calibration systems for large detectors.  Our Berkeley colleagues have performed many experiments at PSI, including the present muon capture experiment, which is also based on precision timing techniques, and have substantial infrastructure at PSI.  They originally proposed and developed the concept and physics capabilities of a time-structured muon beam.  They are responsible for the DAQ in the muon capture experiment and have extensive experience with detectors, including silicon diodes.


Within our respective universities and laboratories, we can draw from specialized technical expertise.  For example, the Illinois nuclear physics group has a scintillator workshop technician who is presently participating in the design of the Lan detector prototypes and who will build the individual components of the system.  He has built numerous scintillator-based detectors for (g-2), HERMES, and the Real Compton Scattering effort at JLab.  The Boston University physics department is home to one of the nation’s best electronics design facilities for particle physics.  Engineers there have made multi-hit TDC systems, custom gated PMT bases, and, finally, the important waveform digitizers for (g-2).  This group, augmented by physicists who do testing and specifications, is capable of developing the large array of fast WFDs for our effort.  The Minnesota group developed the VME-based DAQ for (g-2).  Together with experts from Illinois (Gray) and Berkeley (Case), the team will design the challenging DAQ/analysis environment for Lan and will work closely with the PSI engineers and beamline experts in order to develop the kicker system. 


Current participants are listed in Table 2.  Illinois is presently hiring a second PDRA for its precision muon experimental effort.  Additional graduate and undergraduate students will participate from each institution.  The project is in a growth stage following formal approval by PSI
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Table 2.  Current Lan Project participants, affiliations and tentative responsibilities.

Participant
Institute
Position
Tentative Responsibilities

Robert Carey
Boston
Professor
organization; Monte Carlo; electronics; analysis

Bill Earle
Boston
Engineer
waveform digitizer design

Eric Hazen
Boston
Engineer
waveform digitizer design

Ivan Logashenko
Boston
PDRA
waveform fitting

James Miller
Boston
Professor
systematic studies; physics analysis; clock system

Ofer Rind
Boston
PDRA
run preparation

B. Lee Roberts
Boston
Professor
beamline kicker 

John Blackburn
Illinois
Technician
detector drawings, design and construction

Dan Chitwood
Illinois
Grad Student
just starting; possible thesis project

Paul Debevec
Illinois
Professor
beamline/target coordination;  physics analysis

Fred Gray
Illinois
Grad Student
DAQ 

David Hertzog
Illinois
Professor
organization; detector design; physics analysis

Gerco Onderwater
Illinois
PDRA
systematic studies; physics analysis coordination

Chris Polly
Illinois
Grad Student
detector/PMT studies; design and construction

Mike Sossong
Illinois
Grad Student
target system development

Steve Williamson
Illinois
Sr. Scientist
detector lightguide simulations and design

Kevin Giovanetti
JMU
Professor
calibration system; systematics analysis

Tom Case
Berkeley
PDRA
DAQ

Ken Crowe
Berkeley
Professor
SR/target issues

Peter Kammel
Berkeley
Sr. Scientist
target region and detector; systematics studies

Priscilla Cushman
Minnesota
Professor
DAQ

Ivan Kronkvist
Minnesota
PDRA
DAQ

�


Fig. 1.  Most recent measurements of  compared with the Particle Data Group world average.  The Lan to measure  to 1 ppm is illustrated.
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