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» Symmetries of QCD and their fate
e Spontaneous Chiral symmetry breaking = pions

= |low energy theorems
 threshold electromagnetic pion production
e 1 — y v : Axial anomaly, chiral corrections ~m -m,,
* Previous experiments
* Primex Experiment at Jefferson Lab
e Conclusions
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Chiral Dynamics

e Properties, Interactions, decays of Nambu-Goldstone
Bosons (G) at Low Energies

e G-G, G-h scattering (h is any hadron)

e Form factors at low Q2 (RMS radii)
~Y*N — A

e Electric and magnetic polarizeabilites
e semi-leptonic decay rates

e special role of the m meson
long range part of N-N interaction
Nnuclear physics, astrophysics
pion cloud of hadrons

A large range of physical phenomena
The experiments require a wide range of techniques



Spontaneous Breaking(Hiding) of Chiral
Symmetry in QCD

‘For massless particles h= o * p = +1 Is conserved
‘For massless quarks Lo p conserves chiral symmetry

‘Therefore each state should have an opposite parity
partner: Wigner - Weyl manisfestation of the symmetry

-Since this is not observed in nature chiral symmetry has
been spontaneously hidden

‘The symmetry is exhibited by the appearance of
massless, pseudoscalar (Nambu- Goldstone) Bosons

. lp>1/2% Ip> In> 1/2° are degenerate



Laoco = Lo +L,

chiral symmetry is explicity broken by
quark mass effects

Nambu-Goldstone Boson acquire mass

L =A(my+tmg)+B(my-mgy)
myg/ m, = 1.8
1sospin broken by strong and EM interaction
strong int. effect = (mMg- Mmuy/Acoy= 2%



Symmetry becomes Dynamics

- th system has to have gradient coupling

due to the pseudoscalar nature of the pion

- weak in the s wave, generally strong in the p wave
- At low energies the interaction vanishes

- this can be systematically exploited
= effective field theory of QCD (ChPT)



¢ low energy i -hadron scattering
pure Nambu-Goldstone Boson: a(sth) =0
strong interactions: a(th) = 1/mg= 1 fm

PCAC calculation by Weinberg (1966)
lowest order ChPT calculation

a'(wh)=-1_* I, mu /(A Frt)=~ 1/A =0.1fm
— 0 as mg — O
=1, + I,

A =chiral sym. breaking scale =4 it Fx =1 GeV
Expect chiral corrections of order (mJ'c/A)Z =~ 0.02

threshold y* N —x N
s and p wave production amplitudes
there are ChPT formulas [Bernard, Meissner, Kaiser]

the chiral limit for s wave amplitudes
AR* N —=x'N) — 0
A(* N —x" N') =0 and large (Kroll-Ruderman theorem)



Some Experimental Tests of
Spontaneious Chiral Symmetry Hiding

* 7 ;t scattering

- atomic m p energies,widths
1t N scattering

*y'p—=alp



Mainz |Experimental setup 7+ p — p + 7°

EO = 405 MeV
linearly polarized photons :
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ChPT: O(p?)

ChPT: O(pd)
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Unitary Cusp yp — ni%p
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Anomaly
When a symmetry of the classical theory is not
present in the quantized version

In QCD the anomaly is not anamalous
It is an essential part of the theory

It is responsible for the large n’ mass
so that it is not the 9th Goldstone Boson

It is primarily responsible for the i’ — vy y decay mode
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Opportunity to perform a precision
0 lifetime measurement

» 70 is the lightest hadron

spontaneous chiral symmetry hiding:
m(m) = 140 MeV
+ EM: m(zt *)- m(n®) = 4.6 MeV

» EM decay ni® — y v (BR =98.8 = 0.032%)
Axial anomaly dominant

16



History: ni° Lifetime Experiments

+1947 7t* discovered in cosmic rays

1950 1t¥ discovered, cosmic rays, Berkeley cyclotron
n’ — vy decay mode observed

lifetime too short for electronic measurement

« T < 10712 sec established by 1957

K+ — t* 10 emulsion experiment (d < 0.5u)
- 1951: Primakoff effect y y — a¥ : experiments 1970-5
- PDB data base established by 1988
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History: ni° Lifetime Theory
» PCAC predicts A, = 0 in the chiral limit

* 1968 Adler, Bell, Jackiw discover the axial anomaly

AYAVAVAVAVAVAVAVAV,

Y
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'Any=oc/nFn

)

[’ —vy) =(m/64m)A, > = 7.725 eV = 0.5%

t(nY) =0.807-1016 sec
¢ T(n”) = 0.0253 u
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PSEUDOSCALAR MESON SPECTRUM I
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Primakoff Effect .

e 1V photoproduction from Coulomb field of nucleus.

e Equivalent production (yy* — n¥) and decay (1 — yy) mechanism
implies Primakoff cross section proportional to 1t lifetime.

e Primakoff ¥ produced at very forward angles.



Full Cross Section Components
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EXPERIMENTAL SETUP Pfim:a):l SBetup

* DATA TAKING FALL 2004
with

Veto Sc.

*{ Pb TARGETS

* JLAB HALL B PHOTON
TAGGING FACILITY -

HIGH INTENSITY,
HIGH RESOLUTION DEVICE

* STATE-OF-THE-ART
CALORIMETRY - HyCal

* PAIR SPECTROMETER




‘ Experiment Overview I

e Tagged photons of energy 4.9 - 5.5 GeV were used to measure the
absolute cross section of small angle ¥ photoproduction from the
coulomb field of two nuclei (*2C and 2°%Pb).

e The invariant mass and production angle of the pion were
reconstructed by detecting the two " decay photons in a highly
segmented calorimeter centered on the beamline.

e The number of tagged photons reaching the target was calibrated
using a Total Absorption Counter (TAC) and monitored with an e™e™
pair spectrometer.
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Analysis Status: “°>Pb: vy Invariant Mass

> LI rrrrrrortr
[ | -
= PbWO, crystal
b Calorimeter _
0

§

Q@ 200 .

6])1_/; 2-3;‘[(7‘ ’

i

100 —
L1 L1 il T sucreedon p pop by oo | e
0100 110 120 130 140 150 160 170 180
M_, (MeV)
% eoo —l LI | l LINEL B B | I LI B B | I LN B | I LI B B | l LA B B ) l LI B B | I LI | -
= PbWO, crystal
o Calorimeter
g o - + TAGGER -
[
&
— YL
200 L C)-m_”—- 1.2Me) |
0 | L 1L 1 | I | _— -é al A=l =l
100 110 120 130 140 150 160 170 180

M., (MeV)



n?Yield/0.010

70 Elasticity

10 C Pb

AllL___, Radiator B

8, MLE0.05] dog | —

tdiff:[-7.7,0.8] ns (BC)
*8ph, crystal anhy

- Al oo Radiator 8 = ————
: 8y, :[1.20,1. 9] deg i
- tdiff:[-7.4,0.6] ns (BC) |
2¢, erystal only

)
ha
o

n°Yield/0.010

-t
o
o

0.6

0.4

L e .‘_
e el
o T I

ganant i - JE
I'::{q_+ - .. — i
i Ty +ﬂ _+:.-* : 20— IE

28



Pb

!:blﬁlllllllllllllllll

ct.'\l B H H H H H H i i H
Q_ : i i i i i i i i i
£
. T T B =070 o 1= SN SN WO SN SN N S S N
:: ﬁ 9 |
| - | i ~
; > ikPrlmclkoﬂ
----------------- 400 E i.
------------------------- 300
........................ 200 C(. h_ere I -t
LW .
.................. 1008 gt Inconer nt
C il
------------------ 0_ | L F.‘ . N N L ] 1-r --: _!I]'l il . I} . .
0 .2 04 06 08 1 1.2 14 16 18 2

m° Production Angle, 0 (degrees)

n° Production Angle, 0 (degrees)

Interference
Primakoff Interference



Systematic Error Table

My fits + 1nelast bkgd corr. +1.0
Inelastic bkgd shape uncert. +0.75
Photon flux +1.1
Incoherent XS shape uncert. +1.3
Nuclear coh. XS energy dep. +0.04
Detection/Recon efficiency  40.5

Fiducial Acceptance +0.3
Event Selection +1.0
Target thick. + branch ratio  +0.06
Tagged Photon Energy +0.1
Total Systematic +2.4%
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Outlook for Experimental Tests of Spontaneous
Chiral Symmetry Breaking Nambu =Goldstone Boson
v most low energy reactions involving pions:

there are a few problems (electroproduction,...)
guark mass difference effects are still unverified
extension to eta, kaon still in beginning stages

Axial Anamoly + chiral corrections(~my-m,,
Vv fora® —yy at~3%
needs work forn —=vyvy,n’ = vy
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