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Issues

1. What are the effective low-energy degrees of freedom?

2. What are the symmetries?
* C, P, T
* Chiral Symmetry
* Geometrical

3. What are the most effective models?
* 3 quarks in a “bag” confined by a potential
* Rotating or vibrating flux tubes
* Quark-diquark models

Need precision tests of models of QCD at low energies.



Impact Issues

CKM quark-mixing matrix
QCD has unitarity constraints.  There is some evidence of failure.

Value of _s, and energy dependence
The precision in determining _s is limited by hadronic 
(non-perturbative) and quark-mass corrections.

Energy scale dependence of _e 
The theoretical understanding of _e is limited by non-perturbative 
QCD contributions to vacuum polarization. 
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More to come



BNL Accelerator Complex



C6 Beamline



Crystal Ball



Reaction List



Invariant Mass



!-N Physics of Special Interest

Pion Single Charge Exchange (E958)

2 !0 Production
Kelly Craig Ph.D. Dissertation, ASU

(Darko Mekterovic Dissertation, RBI Zagreb)



!-N Isospin Relations



Existing !-N Data Base



Getting at Quark Masses

van Kolck, Niskanen & Miller, Phys. Lett. B493, 65 (2000)



SCX Cross Sections, _ Resonance



May 2002 'On-Line' Results
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Dalitz Distributions



Data Distributions



Multipole Analysis
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_ Meson Decays

_  _  4 !0 

_  _  3 _
Antonio Ramirez
  Ph.D. Dissertation, ASU
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   8_ Events
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Kinematic Fit
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Channels Considered

!- p _ _n _ !0 __ n
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Cuts

4 clusters
4 connected regions
Exclude events with cluster center 
   on a guard crystal
Miss. Mass: 0.88 < mn < 0.98 GeV
Inv. Mass > 0.5 GeV 
0.62 < Ethresh < 0.80 GeV
One and only one !0

m__ > 0.19 GeV
Non-peak energy ratio > 0.05
   for each of 4 clusters

Regina Analysis Criteria
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MC/Data Comparison



Likelihood Variables

Invariant Mass
Missing Mass
CM angle of combined 
   4-photon system
Non-peak energy ratio for
   each of 4 clusters
Fractional 2-pion mass 
   difference
Transverse Momentum
Peak crystal energy in each
   of 4 clusters

Likelihood Analysis



MC Data

Data Analysis



UCLA Analysis

Similar channels to Regina analysis
   Added _ _ 2_ (with double splitoffs)

Kinematic fit analysis
   Target Z position is fitting variable

Better beam treatment; many more events

Good MC reproduction of various reaction data

Cluster radius is a cut parameter

Subtract MC from data



!- p _ _n _ !0 __ n Results

Regina

   BR = (2.7 ± 0.7stat. ± 0.8syst.) x 10-4

   _ = 0.32 ± 0.14 eV 

UCLA

   BR = (3.5 ± 0.7stat. ± 0.6syst.) x 10-4

   _ = 0.41 ± 0.08 eV



_  _  3 _

Analysis and Reactions

Neural Network

2!0 n

2_X

3!0 n

!0 __ n

!0 n

Cuts

Neutral Trigger

Beam tracking cut

Target cut

Veto counter cut

Worm cuts

Near-edge cuts

Event has 3 clusters

CB thresthold cut

Joint cut on Miss. Mass and Inv. Mass

No electronics error flags; ADC overflows



'Traditional'     (2.26 ± 0.21) x 10-2  

ANN (all)        (6.23 ± 0.37) x 10-3  

ANN (> 0)       (5.61 ± 0.31) x 10-3  

GAMS              < 5 x 10-4

UCLA              4 x 10-5

_  _  3 _ Results



Summary and Conclusions

The Crystal Ball Program has been successful.

Fundamental physics has been probed with 
   precision experiments.

High-quality data are being provided for pion SCX.
   Possible sensitivity to mu – md.

2!0 data has little evidence for f0 (_) production.

Several  decay modes are providing new lower limits 
   on P, C, and CP.




