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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 1n 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 1s some evidence of failure.

Value of _, and energy dependence

The precision in determining __ 18 limited by hadronic
(non-perturbative) and quark-mass corrections.

Energy scale dependence of _

The theoretical understanding of __1s limited by non-perturbative
QCD contributions to vacuum polarization.



Publications

Physical Review Letters
Physical Review

Physics Letters

Nuclear Instruments Methods

Other

More to come

5

10

2

1

2



e
\Q)‘,,ll ol[,, %,

=

k=3
:
S

BNL Accelerator Complex

g-2 muon
storage ring

£_li=
: Experimental
" Area

II.

Tandem to ™~ Tandem Van de Graaff
Booster line (TtB) - e LT
ﬁ —1&‘1 =" ——



C6 Beamline

Wire Clhambeds

i
i




Crystal Ball

Crystal Ball
Multi-photon Spectrometer

672 separate Nal(Tl) crystals
% solid angle: with endcaps ~98%

o/E = 2.7%xE"*  (Ein GeV)
!Zimz 1.32 m, Qﬁml.

—_ 5 — o o — MOf a3 — 4
n_\_—':'..'JO m, G, = 2°- 3% G, =2 /sinB, t = 16X




Reaction List

n 70 — N 2y

nmn — N 2v

nmd 0 — n 4~

etc.

AN — rlfn'of'y
A 70 - nalx
N n — l‘lﬂ'on
Ax0 0 — n 370
etc.

504y = Avn

USRS

J

n 3v
n 4y
n 4~
n 67

n 4-
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n-N Physics of Special Interest

Pion Single Charge Exchange (E958)
(Darko Mekterovic Dissertation, RBI Zagreb)

2 ¥ Production
Kelly Craig Ph.D. Dissertation, ASU



n-N Isospin Relations

N d . Phase-shift
7= N data Analysis
U

SCX Amplitudes I

Compare to:

Phase-shift
Analysis

4

SCX Amplitudes I

Differences < 7% in S waves, below 100 MeV.

SCX data —

Excellent and improving 7+ data.

Limited and poor SCX data.



Existing n-N Data Base

Process A Region Low Energy

7+ Elastic do/dQ? Excellent Very Good
7= Elastic A, Excellent Very Good
SCX do /d Excellent Poor

SCX A, Excellent None
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Getting at Quark Masses

AL = —(mytu + madd)
= [ ma) (@t dd) + (o — ) — dd)

“Sigma” Term Isospin Violation

Quark-Mass Term:

) 1
cl — —$ (NTT3N — 2Df2NT71'37r °TN)

w

Hard-Photon Exchange:

_ i} 1
E;:lpl) = ——ﬂ;N (NTTgN -+ 2Df§NT(W3 TeT — sza)N)
Sum:
dmy + dmy = mp — m, = —1.3 MeV
Difference:
5mN—3mN N2T+ —T1_ — \/ETD
2m., T T, —T_ + /2Ty

[T, = T(x"p — wp), etc. ]

van Kolck, Niskanen & Miller, Phys. Lett. B493, 65 (2000)
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May 2002 'On-Line' Results
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* Crystal Ball

° Bagheri [1]
Berardoe [7]

* Bugg [27]

+ Comiso [4]

» Friediman [28]
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Data Distributions E

I 1 I Fi I 1

| .
100 113 125 138 020 030 040 050 0.00 020 040 060 -0 -05 00 05 0 o0 180 270
m{m®n) (GeV) m(rn?) (GeV -t (GeV)? cos(f) ¢ (deq.)



Multipole Analysis

5

Amplitude
00 £
A= Y. DY Oy }Tgm(ga d))
=0 m—=—£
Intensity
16, M0,0) = 07
Ot OM O(cos ) 9¢
2
N = an(ly = 27
ot OM
1
W (8, = —I(0,
0,9) = 1(0,9)
o0 L M
=Y Y armRY(0,9)
=0 M="L
where agy = (471')‘%.
Liax = 2 €004
L =even only for decay of 7w%x°.

A measure of multipole strength:

Sp=(2L+1) ¥ (“"‘M)E

M=—L \ Qg
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~ Meson Decays

Symmetry Operators

Operator n 7w x5

Charge Conjugation +1 +1 —1

Parity -1 -1 -1
n—nn’

n = even: No (P and CP)

n = odd: Violates G (=CR) parity
n—ny

n = even: OK

n = odd: No (C)

(Note: n = odd includes n — mn’y)

Antonio Ramirez
Ph.D. Dissertation, ASU



4 70

5

¢ Violates CP.

¢ Measure B < 6.9 X 1077
(I <83 x107%eV).

e Use a model for phase-space correc-
tions, involving 27 and 47° decays
of fo(1500).

¢ Estimate < 2% violation in quark-
family-conserving interactions.

Tp_ n _6n

Kinematic Fit
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e Violates G parity.

= 4 e L= 105 Ay = LLIKEMIED 0024
e Decay amplitude depends on % 45 0 N ’ :}: | n.;:{ :'.'4..5-[;] Uﬂ{]_,.;l_i_]
mu - md' E - : 2 . : ; :1 I E EU :1-_-“!"1"*1:.;.
t 1= : L-I - e
f = | T o=
, i 1| En.os _
e Parameterize M.E. |[M|? « 1 + 2az, g 7
2 = p*/Phay (p is dist. from center %02 04 06 ok 1o "% 02 04 06 05 10
of Dalitz plot.) z z
e Theory — 0000 ] a0
« term arises at O(p®) o 1000
Kambor et al., (1996); dispersive o -
o = '0.014 to M)_Z o 400
. Prior Experiment . 0 0.3 0,35 0.4 0 0.3 0.35 0.4
—0.022 + 0.023 GAMS 2000 (1984) v
—0.052 4 0.02 Crystal Barrel (1998) Hl” |']|||||||| H||||H
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Regina Analysis Criteria

Channels Considered Cuts

mp__n_n’_n 4 clusters
_ . 4 connected regions
Tp__n_Stn Exclude events with cluster center
rp mnn on a guard crystal
- Miss. Mass: 0.88 <m_< 0.98 GeV
Inv. Mass > 0.5 GeV
0.62<E, . <0.80GeV
One and only one ©t’
m >0.19 GeV
Non-peak energy ratio > 0.05
for each of 4 clusters



MC/Data Comparison
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Likelihood Analysis

Likelihood Variables

Invariant Mass

Missing Mass

CM angle of combined
4-photon system

Non-peak energy ratio for
cach of 4 clusters

Fractional 2-pion mass
difference

Transverse Momentum

Peak crystal energy in each
of 4 clusters
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Data Analysis
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UCLA Analysis E

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

Kinematic fit analysis
Target Z position 1s fitting variable

Better beam treatment; many more events

Good MC reproduction of various reaction data

Cluster radius 1s a cut parameter .} ]}-I- . Bre3,66:0,82x1 07
I

1) L=

16834379

Subtract MC from data ook i 200

|y |N
IR T I 1
: ;HM“M&H,;H“’I ARSI i.”!

058 a.45 Q.5 0.55
mi{nyy) [Gev/ e iy [GeV /o1




mp n_ n° nResults

Regina

BR=(2.7+0.7, +0.8_ )x 10"
=032+0.14¢V

UCLA

BR=(3.5+0.7  +0.6__)x 10"

Syst.

=0.41+0.08eV



Analysis and Reactions Cuts

Neural Network ,
Neutral Trigger
Beam tracking cut

2n’n
Target cut

2 X Veto counter cut

3700 Worm cuts
Near-edge cuts

° n

— Event has 3 clusters
nn CB thresthold cut

Joint cut on Miss. Mass and Inv. Mass

No electronics error flags; ADC overflows



"Traditional’

ANN (all)

ANN (> 0)

GAMS

UCLA

3 Results

(2.26 +0.21) x 107
(6.23 £0.37) x 107

(5.61£0.31) x 107

<5x10+%

4x 107



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 m —m,,.

2nY data has little evidence for £, (_) production.

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






