
Summer School on Reaction Theory 

Michael Pennington 
Jefferson Lab 



Timothy Londergan 

Stanley Brodsky 

Jonathon Rosner 
Jonathon Rosner 

Geoffrey Fox 

David Horn 

Michael Pennington 

Peter Landshoff 

Edmond Berger 



S(p1,p2,...,pj; σ1,σ2…,σj; q1,…,qk; τ1,…,τk) 

p1 

p2 

pj 

q1 

qk 

…
. 

…
... 

2      2 
2      3 
3      3 

…
 



πππ ππ 

Mass 

N B 

R 
π

M1 

M3 

exchange 

M2 

JPC }γ,

  Amplitude Analysis    



N B 

R 
π

M1 

M3 

exchange 

M2 

JPC }γ,

  Amplitude Analysis    

q

q 
_ 



q 
q 

q 

qq



q 
q 

q 

qq



q 
q 

g 

g 



q 
q 

g 

g 

q 

q 

q 

q 

q 



q 
q 

q  

q  
q  

q  

g 

g 

q 

q 

q 

q 

q 



q 
q 

q  

q  
q  

q  

q 

q 

g 

g 

q 
q 

q 

q 

q 

q 

q 

q 

q 



πN   scattering
π

N N 

π

W  (GeV) 

σ
	
  (m

b) π- p π- p 

π+ p π+p 

g2
π NN 

4π
~  14 

N 

N N 

π π



Ω- 

Ξ*- 
Ξ*0 

Σ*- Σ*0 Σ*+ 

Δ- 

Δ0 
Δ+ Δ++ 



n p 

Ξ 0 

Σ ,Λ0 0 
Σ + Σ - 

Ξ - 
energy 

0 

p,n 

 Σ,Λ

 Ξ

940 

1130 

1320 

   Ground States 

   Baryon octet 

B+S 

Q 



udd uud 

dss uss 

dds uus 
uds 

energy 

0 

u,d 

 s 

   Baryon octet 

   Ground States 



Dalitz 

   Quark model 



W  (GeV) 

σ
	
  (m

b) π- p π- p 

π+ p π+p 

g2
π NN 

4π
~  14 

 Strong Nuclear Force :  10 

π

N 



ψ ( i     D  - m   ) ψ          -     F    F  = 
QED 

1 
4 

e2 

4π =  
137 
1 

  Electromagnetism:  QED 10-2 



Peter Landshoff 

John Polkinghorne 

Richard Eden 

David Olive 





Neutrino 

64Cu 

Positron 

GF  ~ 10-5 



‘t Hooft Veltman CN Yang          Mills 

1999 

‘t Hooft Veltman CN Yang          Mills 

1999 

‘t Hooft Veltman 

Non-Abelian gauge theories 





Electroweak Lagrangian 

LGWS =  L1 + L2 + L3 

SU(2) x U(1) 



parton structure  
of the nucleon 

x 
xf

 

p 
x 

xf
 

e

e

p 

X 

γ, Z

x 
xf

 



q 
q 

q ( i     D  - m   ) q          -     F    F  q = 
QCD q=u,d,s, 

     c,b,t 

1 
4 

q 

qq
QCD Lagrangian  



Q [GeV] 

α
s(

Q
) 

asymptotic freedom asymptotic freedom 

QCD coupling  



τ-       ντ πππ  decay  

W- 

νµ

µ- 
u 

d 

π- 

ντ

τ- π- 

π+ 

π- 
W- 



ντ

τ- π- 

π+ 

π- 

W- 
µ- 

νµ

e- 

νe 

weak  decays  

π- 
π- 

π+ 

π- 

W- 
µ- 

νµ
u 

d 

π- 

Vud 



Vud 

Vcd 

Vtd 

Vus 

Vcs 

Vts 

Vub 

Vcb 

Vtb 

u,c,t d,s,b 

W- 

CKM matrix elements 

Vqq 



Physics Puzzle 

CP 



Physics Puzzle 

CP 



CP 

CKM matrix elements 



CP 

CKM matrix elements 



D 

D 

B     DK     KKππ 

B     DK     KKππ B     DK     KKππ 

CP 











QCD 

pQCD 

confinement asymptotic freedom 

strong QCD strong  QCD 

0 

1 

0 10 -15 
r (m) 

strong coupling 



strong coupling pQCD 

Strong physics problems 

d 

u 

u

s 
u 
_ 



strong coupling pQCD 

Strong physics problems 



strong coupling pQCD 

Strong physics problems 



πN   scattering

π

N N 

π

π

N N 

π

W  (GeV) 

σ
	
  (m

b) π- p π- p 

π+ p π+p 

L2I 2J 



Baryon	
  resonances	
  (N*s	
  and	
  Δ*s)	
  
σ
	
  (m

b)

W  (GeV) 

π- p X π- p 

π+ p X π+ p P33(1232) 



phasecross-section

phasecross-section

1 
M2 – s – iMΓ 

hadron states 

s

x x 

s = E2 



Baryon	
  resonances	
  (N*s	
  and	
  Δ*s)	
  
σ
	
  (m

b)

W  (GeV) 

π- p X π- p 

π+ p X π+ p P33(1232) 

S11(1650) 

P31(1620) 

S11(1535) 

D13(1520) 

P11(1440) 

D15(1675) F15(1680) 

D33(1700) 

P13(1720) 

P31(1910) 
F35(1905) 

F37(1950) 

G17(2190) 

H19(2220) 

G19(2250) 

H311(2420) 

S11(1650) 

P31(1620) 

S11(1535) 

P31(1910) P31(1910) 

F37(1950) 

P31(1910) 



center-of-mass frame 

variables:   E = √ s , ϑ 
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Spectroscopy: interplay of  poles & zeros 
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PWA:  2  of  88 waves 

COMPASS @ CERN 



2008 

2008 

M(πππ)   GeV 

M(πππ)   GeV 

10
6  

Ev
en

ts
/2

0 
M

eV
 

10
6  

Ev
en

ts
/2

0 
M

eV
 

PWA:  2  of  88 waves 

Robust  1-+ results awaited 
 
       impact of limiting  
   number of waves  

COMPASS @ CERN 
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      essential to eliminate partial wave truncation . 
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Outstanding theory issues 

•    Techniques of Amplitude Analysis . 
synergy with scattering on the lattice 
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