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Abstract 

In t h i s  t a l k  e x p e r i m e n t a l  r e s u l t s  on  t h e  n o n - r e s o n a n t  p r o d u c t i o n  of  h a d r o n s  in  
so f t  T7 s c a t t e r i n g  a r e  r ev iewed :  
The m e a s u r e d  c r o s s  s e c t i o n s  fo r  t h e  p r o d u c t i o n  of h a d r o n  p a i r s  b y  two p h o t o n s  
a r e  c o m p a r e d  to  t h e o r e t i c a l  p r e d i c t i o n s  (QCD c a l c u l a t i o n s  a b o v e  a b o u t  2 GeV). 
A n a l y s e s  of  f o u r  p i o n  f ina l  s t a t e s  a r e  r e p o r t e d ,  i n c l u d i n g  a n  a n g u l a r  c o r r e l a t i o n  
a n a l y s i s  of popo, f i r s t  r e s u l t s  on  p+p- p r o d u c t i o n  a n d  t h e  o b s e r v a t i o n  of a n a r r o w  
s t r u c t u r e  in  t h e  f o u r  p i o n  m a s s  s p e c t r u m  n e a r  2.1 GeV. 
The e x p e r i m e n t a l  r e s u l t s  on  t h e  t o t a l  h a d r o n i c  c r o s s  s e c t i o n  fo r  p h o t o n - p h o t o n  
s c a t t e r i n g  a r e  c r i t i c a l l y  d i s c u s s e d .  
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1.0 INTRODUCTION 

The title of this talk raises the very  general  question: How do the photons  t u r n  
into hadrons?  However, I will not  be all t ha t  general.  Since this is a review of the 
exper imenta l  s ta tus ,  the f ramework  for the  talk is given by the resul ts  available 
on hadronic  final s ta tes  in soft 77 scat ter ing.  "Soft" is m e a n t  to distinguish this 
talk f rom the talk given by N.Wermes at this workshop on ha rd  scat ter ing phe-  
nomena  such as jet p roduc t ion  by two photons  and f rom the talk given by 
W.Wagner on deep inelastic e l e c t ron -pho ton  scat ter ing involving high QZ values of 
the photons.  The exper imenta l  aspects  of resonance  p roduc t ion  by two photons  
are reviewed by J.Olsson at this workshop. 

This talk will cover three  topics: 

• Two-photon p roduc t ion  of hadron  pairs. 

• Two-photon p roduc t ion  of four pions. 

• The total  cross  sect ion for two-pho ton  produc t ion  of hadrons  (concent ra t ing  
on the low energy, low QZ region). 

2.0 HADRON PAIR PRODUCTION BY TWO PHOTONS 

I will begin with summar iz ing  our  knowledge about  the con t inuum product ion  of 
hadron  pairs at  low energies. The unders tand ing  of these  reac t ions  is impor t an t  
for the analysis of two-pho ton  p roduc t ion  of r e sonances  decaying into had ron  
pairs. One canno t  always get rid of the b a c k g r o u n d  f rom the con t inuum by a s im- 
ple subtract ion,  bu t  in te r fe rences  between resonances  and con t inuum may  also 
change the r e sonance  shapes. 

In the second pa r t  of this chap te r  new resul ts  on had ron  pair  product ion  for 77 
invar iant  masses  (W~) above 2 GeV are presented.  The exper imenta l  results  will 
be compared  to QCD calculations.  

2.1 HADRON PAIR PRODUCTION AT LOW ENERGIES 

In the resonance  region mos t  exper imenta l  in format ion  is available on the n+~- 
continuum which will be discussed in more detail below. 

The n°n° continuum below ~1 GeV has not yet been analyzed, though data are 
available from the JADE experiment. This channel may be best suited to look for 
broad ~ resonances below ~i GeV. 

The reaction 77-*K~( has been measured by the TASSO group for the K+K - and 
K°sK°s final states /i/, The KK mass spectra have been used to determine the 
TT-width of the f' (see J.Olsson's talk). A more general analysis of the spectra 
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F i g u r e  1. a(TT4~r+rr) (Born) :  c u r v e s  fo r  7 7 - h e l i c i t i e s  0, 2 a n d  s u m  of b o t h  

i n c l u d i n g  b o t h  r e s o n a n c e s  a n d  c o n t i n u u m  is d e s i r e a b l e  b e c a u s e  i t  wou ld  r e d u c e  
t h e  s y s t e m a t i c  e r r o r  on  t h e  7T-wid th .  A m o d e l  w h i c h  d e s c r i b e s  c o n t i n u u m  a n d  
r e s o n a n c e s  b y  u n i t a r i z i n g  t h e  c o m b i n e d  s c a t t e r i n g  a m p l i t u d e  is g iven  i n / 2 / .  

2.1.1 The R e a c t i o n  77~r+~- Near  T h r e s h o l d  

At low e n e r g i e s  t h e  m e a s u r e d  c r o s s  s e c t i o n  fo r  y y - ~ + l r -  m a y  be  c o m p a r e d  to  t h e  
Born  a p p r o x i m a t i o n  fo r  t h i s  p r o c e s s  g iven  by  t h e  fo l lowing  g r a p h s :  

The r e s u l t i n g  c r o s s  s e c t i o n  as  well  a s  i t s  d e c o m p o s i t i o n  i n t o  7 7 - h e l i c i t y  c o m p o -  
n e n t s  is  shown in F i g u r e  1. When s e a r c h i n g  fo r  a b r o a d  r e s o n a n c e  be low ~1 GeV, 
as  fo r  t h e  e x p e c t e d  s c a l a r  m e s o n  e(~700),  a f i r s t  s t e p  in  t h e  a n a l y s i s  s h o u l d  be  a 
q u a n t i t a t i v e  c o m p a r i s o n  of t h e  r e s u l t s  w i th  t h e  e x p e c t a t i o n s  f r o m  a p u r e  Born  
c r o s s  s e c t i o n .  

The p r o c e s s  77-*~+7r - h a s  b e e n  m e a s u r e d  a t  t h e  DCI s t o r a g e  r i n g  in  t h e  ~lr m a s s  
r a n g e  f r o m  t h r e s h o l d  to  a b o u t  0.7 GeV / 3 / .  The p i o n  p a i r s  h a v e  b e e n  s e p a r a t e d  
f r o m  t h e  e l e c t r o n  a n d  m u o n  p a i r  b a c k g r o u n d  b y  d e t e r m i n i n g  t h e  p a r t i c l e  m a s s  
f r o m  a k i n e m a t i c a l  r e c o n s t r u c t i o n  of t h e  e v e n t .  With s u c h  a m e t h o d  fo r  ~ 
d e t e c t i o n  n e a r  t h r e s h o l d  t h i s  e x p e r i m e n t  is s u p e r i o r  to  e x p e r i m e n t s  a t  PETRA or  
PEP. U n f o r t u n a t e l y  t h e  e x p e r i m e n t  s u f f e r s  f r o m  l a c k  of s t a t i s t i c s .  The m e a s u r e d  
c r o s s  s e c t i o n  (wi th in  t h e  a c c e p t a n c e )  of a(yy~rr+rr -) = 69±15 pb  h a s  to  be  c o m -  
p a r e d  to  34 pb  fo r  t h e  Born  a p p r o x i m a t i o n .  The d i f f e r e n c e  is on ly  2.3 s t a n d a r d  
d e v i a t i o n s ,  n o t  e n o u g h  to  e s t a b l i s h  a r e s o n a n c e  in  t h i s  r e g i o n .  At p r e s e n t ,  m o r e  
d a t a  a r e  b e i n g  c o l l e c t e d / 4 / .  
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2.1.,.2 The R e a c t i o n - / T - * u + ~  - in  t h e  f ° -Reg ion  

In F i g u r e  i we s e e  t h a t  t h e  7 7 - h e l i c i t y  0 c o n t r i b u t i o n  to  t h e  B o r n  c r o s s  s e c t i o n  
d ies  o u t  v e r y  f a s t  a b o v e  t h r e s h o l d .  In  t h e  r e g i o n  of  t h e  f0 r e s o n a n c e  h e l i c i t y  2 is 
v i r t u a l l y  t h e  on ly  c o n t r i b u t i o n .  Below t h e  f ° - r e s o n a n c e  s t r o n g  i n t e r a c t i o n s  a r e  
e x p e c t e d  to  h a v e  on ly  a s m a l l  e f f ec t  on t h e  h e l i c i t y  2 a m p l i t u d e  b e c a u s e  t h e  ~TTT 
p h a s e  sh i f t s  a r e  s m a l l  fo r  ~ a n g u l a r  m o m e n t a  J~_ 2. T h e r e f o r e  i t  h a s  b e e n  s u g -  
g e s t e d  t h a t  t h e  Born  a p p r o x i m a t i o n  s h o u l d  be  a good  d e s c r i p t i o n  of TT-*~+~ - a s  
f a r  a b o v e  t h r e s h o l d  as  W~ ~ 1 GeV (see  e,g. / 5 / ) .  H e n c e  we m a y  c o m p a r e  t h e  
d a t a  in t h e  f ° - r e g i o n  wi th  a n  a p p r o x i m a t i o n  o b t a i n e d  f r o m  t h e  B o r n  t e r m s  p lu s  a 
r e s o n a n c e  c o n t r i b u t i o n  as  g iven  by  t h e  fol lowing g r a p h s :  

÷ , 

If t h e  r e s o n a n c e  is a l so  d o m i n a n t l y  p r o d u c e d  v ia  h e l i c i t y  2 a s t r o n g  i n t e r f e r e n c e  
b e t w e e n  t h e  Born  g r a p h s  a n d  t h e  r e s o n a n c e  is e x p e c t e d .  The i n t e r f e r e n c e  is c o m -  
p l e t e l y  d e t e r m i n e d  b y  t h e  B r e i t - W i g n e r  p h a s e  ( the  Born  a m p l i t u d e  is p u r e l y  r e a l )  
e x c e p t  fo r  a r e l a t i v e  s ign  b e t w e e n  t h e  Born  a n d  t h e  r e s o n a n c e  a m p l i t u d e s .  Curves  
fo r  t h e  two c h o i c e s  of s ign  a r e  shown in F i g u r e  2. 
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Figure 2. Cross section for the two-photon production of the f0 (assuming 
k=2) and ~+n--continuum : without interference (dotted and full 
curve), resonance and Born amplitudes interfering with a 
positive relative sign (dashed curve) and with a negative relative 
sign (dotted curve). 

The j u s t i f i c a t i o n  fo r  s u c h  a s i m p l e  a p p r o a c h  is g iven  b y  t h e  d a t a .  F i g u r e  3 shows 
t h e  ~T+~r--mass s p e c t r u m  o b t a i n e d  b y  t h e  Mark  II c o l l a b o r a t i o n  a t  S P E A R / 6 / .  The 
d a t a  a r e  c o m p a r e d  to  c a l c u l a t i o n s  fo r  t h e  Born  t e r m  a n d  t h e  f ° - r e s o n a n c e .  Corn- 
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plete in ter ference ,  which is expected if the f0 is p roduced  mainly  via helicity 2, 
gives a good descr ip t ion  of the da ta .  

New data  f rom the  CELLO group exhibit  the same s t r u c t u r e  in the ~+~- -mass  
s p e c t r u m  (Figure 4) / 7 / .  This s p e c t r u m  was obta ined selecting two oppositely 
charged  t racks  with Icos®l<0.8 and t ransverse  m o m e n t a  w.r.t, the beam pv>0.35 
GeV/c. The resul t ing t ransverse  m o m e n t u m  of the two par t ic les  was r e q u i r e d  to 
be smaller  t han  0.1 GeV/c. Since the pions have not  been identified, the e lec t ron 
and m u o n  pairs f rom the QED processes  had to be sub t rac ted .  
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The CELLO r e s u l t s  on ~+~-  p r o d u c t i o n  b e t w e e n  0.8 a n d  1.5 GeV a r e  well  d e s c r i b e d  
b y  a m o d e l  of M e n n e s s i e r  / 2 /  ( so l id  c u r v e  in  F i g u r e  4). In t h i s  m o d e l  t h e  a m p l i -  
t u d e s  fo r  a g iven  p a r t i a l  wave a n d  g iven  isosp~n a r e  c o m p o s e d  of a u n i t a r i z e d  
Born  t e r m ,  a u n i t a r i z e d  t e r m  for  v e c t o r  e x c h a n g e  a n d  t e r m s  d e s c r i b i n g  t h e  d i r e c t  
c o u p l i n g s  of t h e  p h o t o n s  to  r e s o n a n c e s .  In t h e  CELLO a n a l y s i s  on ly  t h e  u n i t a r i z e d  
B o r n  t e r m  a n d  t h e  c o u p l i n g  to  t h e  f ° - r e s o n a n c e  we re  n e c e s s a r y .  In p a r t i c u l a r ,  a 
c o n t r i b u t i o n  of a s c a l a r  r e s o n a n c e  was n o t  r e q u i r e d  by  t h e  d a t a ,  The m o d i f i c a -  
t i o n  of t h e  Born  t e r m  o b t a i n e d  f r o m  t h e  u n i t a r i z a t i o n  p r o c e d u r e  u s i n g  s t r o n g  
i n t e r a c t i o n  d a t a  t u r n s  o u t  to  be  s m a l l  / 7 / .  This m a y  be  d u e  to  t h e  s m a l l n e s s  of 
t h e  D-wave p h a s e  sh i f t s  be low t h e  f ° - m a s s .  

The s t a t u s  of t h e  a n a l y s i s  of t h e  7 7 - w i d t h  of t h e  f0 was r e v i e w e d  by  J .Olsson a t  t h i s  
w o r k s h o p .  

2.2 PRODUCTION OF PROTON-ANTIPROTON PAIRS 

The TASS0 c o l l a b o r a t i o n  p u b l i s h e d  a n  a n a l y s i s  of t h e  r e a c t i o n  7T-*PP b a s e d  on  8 
o b s e r v e d  e v e n t s  / 8 / .  This a n a l y s i s  h a s  now b e e n  r e p e a t e d  w i t h  m u c h  h i g h e r  i n t e -  
g r a t e d  l u m i n o s i t y  (~74pb  -1) i n c r e a s i n g  t h e  n u m b e r  of e v e n t s  b y  a n  o r d e r  of m a g -  
n i t u d e / 9 / .  
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F i g u r e  5. Square of the mass calculated from T0F for the negative track vs. 
the same quantity for the positive track in an event with 2 
charged tracks detected 

Candidate events for the reaction 77~p~ have been selected from events with two 
oppositely charged tracks in a polar angular range Icos®l<0.8 and in a momentum 
range 0.35<p<1.6 GeV/c. The p~ pairs have been identified by means of the 
time-of-flight (TOF) information of the counters surrounding the TASS0 central 
drift chamber. In Figure 5 the square of the mass calculated from T0F for the 
positive track is plotted versus the same quantity for the negative track. The 
cluster of p~ events is clearly separated. The final sample contains 72 p~ events 
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Figure  6, dG/dcos®* for 77-*PP: a) 2.0< W~<2.4 CeV and b) 2.4< W~<3,0 
GeV, Data are  c o m p a r e d  to  the  Born a p p r o x i m a t i o n  for a Dirac 
p r o t o n  ( d a s h e d - d o t t e d  curve,  sca led  by 1/10) and to  QCD 
ca l cu l a t i ons  / 1 1 /  ( h a t c h e d  a rea) .  The band  for  the  QCD 
ca l cu l a t i ons  c o r r e s p o n d s  to  d i f f e ren t  cho ices  for  t he  p a r t o n  
d i s t r i b u t i o n  in the  p ro tons .  

with i n v a r i a n t  m a s s e s  be tween  2,0 and  3.1 GeV and  with Iz ,l < o l  CeV/c ( IE#,I 
is the transverse momentum of the detected system w.r.t, the beam). The back- 
ground contributes less than 5 events. 

In Figure  6 the  d i f fe ren t i a l  c ross  sec t ion  for  77-*PP as a func t ion  of IcosO*l (O* = 
po la r  angle of the  p in the  77 r e s t  sy s t em)  is g iven  for  two p ~ - m a s s  in te rva l s .  In 
bo th  in t e rva l s  the  d i f fe ren t i a l  c ross  sec t ion  is c o n s i s t e n t  with a f la t  cos@* 
dependence .  The d i f fe ren t i a l  c ross  sec t ion  a v e r a g e d  over  t he  a c c e p t e d  e* r ange  is 
p lo t t ed  in F igure  7 as a func t ion  of the  p ~ - m a s s .  The m e a s u r e d  d i f fe ren t i a l  c ross  
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Figure 7. d~/dcose* for 77-~p~, averaged over the accepted angular range, 
as a function of the p~ mass. 
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s e c t i o n s  a r e  c o m p a r e d  to  t h e  Born  a p p r o x i m a t i o n  fo r  t h e  p r o c e s s  77-~p~ a s s u m -  
ing Di rac  p r o t o n s  ( d a s h e d - d o t t e d  cu rve ,  s c a l e d  b y  1/10).  This a p p r o x i m a t i o n  is a n  
o r d e r  of m a g n i t u d e  t o o  l a rge .  I n c l u d i n g  t h e  a n o m a l o u s  m a g n e t i c  m o m e n t  of t h e  
p r o t o n  y i e ld s  even  h i g h e r  c r o s s  s e c t i o n s / 1 0 / .  

The r e s u l t s  a r e  a l so  c o m p a r e d  to  an  a b s o l u t e  QCD c a l c u l a t i o n  d o n e  by  D a m g a a r d  
/ 1 1 /  w i th  m e t h o d s  d e v e l o p e d  by  B r o d s k y  a n d  L e p a g e / 1 2 /  ( see  a l so  t h e  d i s c u s s i o n  
in  S t i r l i ng ' s  t a l k  a t  t h i s  w o r k s h o p ) .  A l t h o u g h  t h e s e  c a l c u l a t i o n s  a r e  m e a n t  to  be  
m e a n i n g f u l  on ly  a t  h i g h e r  e n e r g i e s ,  a b o v e  a b o u t  3 GeV, one  f i n d s  t h a t  t h e  e x t r a p o -  
l a t i o n  of t h e  p r e d i c t i o n s  to  be low 3 GeV y i e ld s  c r o s s  s e c t i o n s  of t h e  s a m e  o r d e r  of 
m a g n i t u d e  as  t h e  e x p e r i m e n t a l  r e s u l t s .  In  t h e  QCD c a l c u l a t i o n s  i t  is  a s s u m e d  t h a t ,  
if a h igh  m o m e n t u m  t r a n s f e r  is  i nvo lved  in  t h e  s c a t t e r i n g  p r o c e s s ,  t he  s c a t t e r i n g  
a m p l i t u d e  f a c t o r i z e s  i n t o  a h a r d  s c a t t e r i n g  a m p l i t u d e  TH a n d  a p a r t o n  d i s t r i b -  
u t i o n  f u n c t i o n  ¢: 

M ~ ¢*-TH'¢ 

The so f t  p a r t ,  t h e  p a r t o n  d i s t r i b u t i o n  f u n c t i o n  ¢, c a n n o t  be  c a l c u l a t e d .  F o r  t h e  
f o r m  of p a r t o n  d i s t r i b u t i o n  one  h a s  to  m a k e  r e a s o n a b l e  a s s u m p t i o n s .  The a b s o -  
l u t e  n o r m a l i s a t i o n  of ¢ is t h e n  o b t a i n e d  b y  c o m p a r i n g  wi th  o t h e r  p r o c e s s e s  c o n -  
t a i n i n g  t h e  s a m e  d i s t r i b u t i o n  f u n c t i o n  (in t h i s  c a s e  J/,I,-~p~). The h a r d  s c a t t e r i n g  
a m p l i t u d e  T~ c a n  be  c a l c u l a t e d  p e r t u r b a t i v e l y  by  e v a l u a t i n g  QCD d i a g r a m s .  In 
/ 1 1 / t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  for  p~ p r o d u c t i o n  was c a l c u l a t e d  for  W~v = Mj/~. 
An e x t e n s i o n  to  o t h e r  e n e r g i e s  is o b t a i n e d  f r o m  t h e  d i m e n s i o n a l  c o u n t i n g  r u l e  
a c c o r d i n g  to:  

d a  1 
- -  = - -  f ( t )  

dt  s 8 

Here  s , t  a r e  t h e  u s u a l  M a n d e l s t a m  v a r i a b l e s  fo r  t h e  p r o c e s s  77-~p~. The f u n c t i o n  
f ( t )  s t r o n g l y  r i s e s  t o w a r d s  t h e  f o r w a r d  d i r e c t i o n .  This b e h a v i o u r  h a s  n o t  y e t  b e e n  
o b s e r v e d  in t h e  d a t a ,  b u t  i t  is a l so  n o t  e x c l u d e d .  On t h e  o t h e r  h a n d ,  t h e  QCD c a l -  
c u l a t i o n s  a r e  m o s t  r e l i a b l e  a t  l a r g e  a n g l e s  w h e r e  t h e  m e a s u r e m e n t s  h a v e  b e e n  
done .  

2.3 HADRON PAIR PRODUCTION ABOVE 2 GEV 

The PLUTO g r o u p  l o o k e d  fo r  c h a r g e d  h a d r o n  p a i r s  wi th  i n v a r i a n t  m a s s e s  a b o v e  2 
GeV n o t  s e p a r a t i n g  p ions ,  k a o n s  a n d  p r o t o n s  / 1 3 / .  An e a r l i e r  a n a l y s i s  y i e l d e d  
u p p e r  l i m i t s  / 1 4 / .  The new a n a l y s i s  u s e s  d a t a  f r o m  ~40 pb  - l .  The c h a r g e d  
h a d r o n s  h a v e  n o t  b e e n  e x p l i c i t l y  i d e n t i f i e d ,  b u t  were  d e f i n e d  as  n o t  be ing  e l e c t r o n  
o r  m u o n  p a i r s .  S ince  t h e  QED p r o c e s s e s  a r e  by  f a r  d o m i n a n t ,  t h i s  p r o c e d u r e  
r e q u i r e s  a n  e x c e l l e n t  r e j e c t i o n  p r o b a b i l i t y  for  e l e c t r o n s  a n d  m u o n s .  Tha t  h a s  
b e e n  a c h i e v e d  u s i n g  t h e  b a r r e l  s h o w e r  c o u n t e r s  a n d  t h e  m u o n  d e t e c t i o n  s y s t e m  
of t h e  PLUTO d e t e c t o r .  Even t s  wi th  two o p p o s i t e l y  c h a r g e d  t r a c k s  wi th  Dcos®l<0.6 
a n d  m o m e n t a  l a r g e r  t h a n  0.9 GeV/c  we re  s e l e c t e d .  The p h o t o n s  w e r e  r e s t r i c t e d  to  
have  low Qe v a l u e s  b y  t h e  r e q u i r e m e n t  t h a t  t h e r e  was no  t a g  in  t he  s m a l l  a n d  
l a r g e  a n g l e  t a g g e r s .  E x c l u s i v e l y  p r o d u c e d  p a i r s  were  s e l e c t e d  by  d e m a n d i n g  
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[ ~ [  <0.5 GeV/c  a n d  t h a t  t h e  t r a c k s  we re  c o p l a n a r  wi th  t h e  b e a m  w i t h i n  6 °. The 
p r o c e s s  3,7~e+e - h a s  b e e n  r e j e c t e d  by  a c u t  in  t h e  s h o w e r  e n e r g i e s  l e a d i n g  to  
a b o u t  20% loss  of h a d r o n  p a i r s  b u t  v i r t u a l l y  no r e m a i n i n g  b a c k g r o u n d  f r o m  
e l e c t r o n s .  .The r e m a i n i n g  987 e v e n t s  a r e  m a i n l y  e v e n t s  f r o m  t h e  r e a c t i o n  
3,7-*/~+/z - w i th  a s m a l l  c o n t r i b u t i o n  f r o m  h a d r o n  p a i r  p r o d u c t i o n .  

For the separation of the hadron pairs from the muons it was demanded that the 
particles should have momenta and angles such that if they were /~'s they could 
be identified with a probability greater than 98%. 651 events fulfilled this 
requirement. 0nly 16 of them were not identified as #+#-. After subtraction of the 
estimated /~+/z- background 15.1 hadron pair events were left yielding the ratio of 
hadron pair production to muon pair production: 

o-(e+e-~e+e-h+h- ) 

a(e+e-~e+e-/~+/~ -) 
(W==>2.0 GeV) = 0.042 + 0 .013(s tar . )  + 0 .008(syst . )  

This r e s u l t  is  m o r e  t h a n  a n  o r d e r  of m a g n i t u d e  s m a l l e r  t h a n  e x p e c t e d  fo r  a 
p o i n t l i k e  p r o d u c t i o n  of h a d r o n s ,  b u t  i t  is in  r e a s o n a b l e  a g r e e m e n t  wi th  t h e  QCD 
c a l c u l a t i o n s  of / 1 2 /  w h i c h  p r e d i c t  fo r  t h i s  r a t i o  0.020 + 0.001. In F i g u r e  8 t h e  
r a t i o  of t h e  t w o - p h o t o n  p r o d u c e d  h a d r o n  p a i r s  to  m u o n  p a i r s  is p l o t t e d  v e r s u s  
t h e  m a s s  of t h e  h a d r o n  p a i r  a s s u m i n g  p i o n  m a s s e s  fo r  a l l  h a d r o n s .  The l owes t  n n  
m a s s  of 2 GeV c o r r e s p o n d s  to  a K K - m a s s  of 2.21 GeV a n d  a p~ m a s s  of 2.73 GeV. 
The QCD c a l c u l a t i o n  s u g g e s t s  t h a t  t h e  h a d r o n  c o m p o s i t i o n  w i t h i n  t h e  a c c e p t a n c e  
is 48% n+n -,  48% K+K - a n d  4% p~. The QCD c u r v e  in F i g u r e  8 was o b t a i n e d  wi th  
t h i s  c o m p o s i t i o n  a s s u m i n g  p i o n  m a s s e s  fo r  al l  p a r t i c l e s  a s  in  t h e  d a t a .  

In conclusion, in this analysis and in the TASSO analysis of 77-*PP the cross 
sections predicted from perturbative QCD calculations have the correct order of 
magnitude. 

PLUTO (prelim.) 
. . . . .  , r i J i J r i r i 

0.100 ~-'-' ' i I r , r 
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t c  

o 0.010 
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F i g u r e  8. Ratio of two-photon production of charged hadron pairs to 
two-photon production of muon pairs as a function of the hadron 
pair mass assuming all hadrons to be pions. 



184 

3.0 TW0-PHOTON PRODUCTION OF FOUR PIONS 

3.1 THE FOUR CHARGED PION FINAL STATE 

T h e  TASSO c o l l a b o r a t i o n  / 1 5 /  a n d  t h e  M a r k  II c o l l a b o r a t i o n  / 1 6 /  r e p o r t e d  t h e  

o b s e r v a t i o n  of  a s t r o n g  e n h a n c e m e n t  i n  

7 7  ~ pOpO ~ ~ + ~ - ~ + ~ -  

n e a r  t h e  p o p , ,  t h r e s h o l d .  T h e  CELLO c o l l a b o r a t i o n  c o n t r i b u t e d  a n  a n a l y s i s  of t h i s  

c h a n n e l  t o  t h i s  w o r k s h o p  ( s e e  be l ow ) •  
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F i g u r e  9. P l o t  of  t h e  m a s s e s  of  a l l  u + ~ -  c o m b i n a t i o n s  v e r s u s  t h e  f o u r  p i o n  

m a s s  i n  e v e n t s  w i t h  f o u r  c h a r g e d  t r a c k s ,  

The evidence for the p°p° enhancement is demonstrated in Figure 9 and 
Figure I0. In Figure 9 the masses of all 7T+IT - combinations are plotted versus the 
four pion mass (RI4~). The p° signal seems to be concentrated between M4~ ~1.2 
GeV and ~2,2 GeV. Figure i0 shows in two M4~-bins the correlations between the 
corresponding pairs of #TT combinations, on the left for the unlike sign combina- 
tions and on the right for the like sign combinations. The p°p° signal is clearly 
visible even in the lowest IV~-bin between 1.3 and 1.4 GeV, although the pro- 
duction is considerably suppressed by phase space effects below the nominal p°p° 
threshold. Possible explanations for the large pop° cross section near threshold 
have been offered by various authors in the past /17, 18, 19, 20, 21/. If the 
enhancement is due to resonance production, the final state would have well 
defined quantum numbers, like isospin, spin and parity. A check on the isospin 
quantum number can be made by measuring the related channel 77-~p+p - as will 
be discussed in the next section. A spin-parity analysis has been carried out by 
the TASSO group by studying the angular correlations in the four pion final state. 
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3.1.1 An~ular Corre la t ion  Analys is  (TASSO) 

In t h e  n o - t a g  c a s e  the  four  p ion  final  s t a t e  is  de f ined  by 7 v a r i a b l e s .  One can  
c h o o s e  two m a s s e s  (m~e, m ~ ) ,  the  p - p r o d u c t i o n  ang le  ~ p ~  and two a n g l e s  for  e a c h  
d e c a y i n g  p ( t ~  le, W ~ ,  ~3~ 3~, W~s~). The i n d i c e s  12 and 34 r e f e r  t o  a p ion  pair  as 
de f ined  if o n e  n u m b e r s  t h e  p ions  as fo l lows:  r,+~, ~ -z ,  ~r+~, ~r%. The r o t a t i o n a l  
p r o p e r t i e s  of the  p°p° s y s t e m  with  s p i n - p a r i t y  JP and h e l i c i t y  Jz are  t h e n  g iven  by: 

The s p h e r i c a l  h a r m o n i c s  d e s c r i b e  the  p - p r o d u c t i o n  and the  d e c a y  of e a c h  p. The 
c o e f f i c i e n t s  aLj.z,sle,s~ JP,Jz ( s ee  tab le  in / 2 2 / )  are  u n a m b i g u o u s l y  d e f i n e d  if one  
a s s u m e s  t h a t  on ly  t h e  l o w e s t  m u l t i p o l e  in t h e  " /T- sys t em and t h e  l o w e s t  orb i ta l  
angu lar  m o m e n t u m  in the  p ° p ° - s y s t e m  c o n t r i b u t e .  The m a t r i x  e l e m e n t s  for 
p ° p ° - p r o d u c t i o n  ( w i t h o u t  the  W~7-dependence  ) w e r e  t h e n  de f ined  by: 

gp aP,Jz 
\ 

BW d e n o t e s  t h e  p Bre i t -Wigner  a m p l i t u d e .  This f o r m  is s y m m e t r i c  wi th  r e s p e c t  to 
the  i n t e r c h a n g e  of i d e n t i c a l  b o s o n s  in the  f inal  s ta t e .  

TASSO 

1.3GeV~ M4T ~ ~< 1%GeV 
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The full m a t r i x  e l ement ,  i.e. inc luding  all m a s s  and  angu la r  c o r r e l a t i ons ,  has  been  
used  in m a x i m u m  l i k e l i h o o d f i t s  for  the  d e t e r m i n a t i o n  of the  s p i n - p a r i t y  c o n t r i b -  
u t ions  JP = 0 +, 0-, 2 +, 2-. The fi ts  have been  c a r r i e d  ou t  in 100 MeV wide M4~-bins 
in the  r a n g e  1.2<_M4~2.0 GeV. In the  fits the  four  c h a r g e d  p ion  yie lds  were 
d e s c r i b e d  by a sum of the  d i f f e ren t  s p i n - p a r i t y  s t a t e s  for  pop° plus  a dd i t i ona l  con -  
t r i b u t i o n s  f rom p°Tr+~- and 4~T phase  space .  In add i t ion  to th is  f i t  with 6 
p a r a m e t e r s  .also a fit  with 3 p a r a m e t e r s  was t r i e d  where the  p°p° c o n t r i b u t i o n  was 
d e s c r i b e d  by i so t rop ic  p r o d u c t i o n  and decay  of the  p's. 

The r e su l t s  of the  f i ts  p r e s e n t e d  in the  following have been  o b t a i n e d  with the  full 
i n t e g r a t e d  l uminos i t y  co l l ec t ed  by the  TASSO e x p e r i m e n t  un t i l  s u m m e r  82 (~80 
pb- i ) .  For the  pub l i shed  d a t a  / 2 2 /  abou t  40 pb - i  were used.  The new ana lys i s  was 
done in the  s ame  way as the  pub l i shed  one, excep t  for a m o r e  s t r i n g e n t  cu t  in 
I ~ T I  (new analysis :  I ~ T I  <70 MeV/c; old analys is :  I ~ T I  <150 MeV/c). This cu t  
r e d u c e s  the  b a c k g r o u n d  f rom events  with u n d e t e c t e d  p a r t i c l e s  to a b o u t  7Z (be-  
fore: 17%). 

F igure  l l a  shows the  papa cross  sec t ion  o b t a i n e d  f rom the  f i ts  with i so t rop ic  papa 
produc t ion .  The d a t a  a re  well d e s c r i b e d  by such  a p r o d u c t i o n  m e c h a n i s m .  The 
m o s t  s t r ik ing  f e a t u r e  of the  c ross  sec t ion  is t h a t  i t  s t ays  high below the  nomina l  
p°p° t h re sho ld ,  a l t hough  the  phase  space  d e c r e a s e s  d ras t i ca l ly .  That  m e a n s  t h a t  
the  m a t r i x  e l e m e n t  has  to i n c r e a s e  s t eep ly  below t h r e s h o l d  (see d i scuss ion  in 
/ 2 2 / ) .  
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Figure 1 I. Cross sec t ion  for 77-+pOp ° (TASSO): a) I so t rop ic  pOpO p r o d u c t i o n  
and  decay  a s sumed ;  b) Sum of the  c o n t r i b u t i o n s  f rom 
J~=O+,O-,2 +, 2- as o b t a i n e d  f rom the  fit. 

F igure  l l b  shows the  pOpO cross  sec t ion  o b t a i n e d  by s u m m i n g  the  d i f fe ren t  
JP-con t r ibu t ions  d e t e r m i n e d  in the  f i ts  with 6 p a r a m e t e r s .  On the  average  the  
c ross  sec t ion  comes  out  somewha t  lower t h a n  in the  fits with i so t rop ic  p°p° p r o -  
duct ion.  That has  two reasons :  th is  f i t  ass igns  less events  to  pOpO (more  to 
p°~T+$r -) and  the  d e t e c t i o n  ef f ic iency for  the  sum of JP-s ta tes  is d i f f e r en t  t han  for 
the  pOpO phase  space .  The s p i n - p a r i t y  d e c o m p o s i t i o n  of the  c ross  sec t ion  is shown 
in Figure  12. The following conc lus ions  can  be drawn f rom t h e s e  plots:  The 
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s p i n - p a r i t y  s t a t e s  je = O -  a n d  2- a re  n o t  d o m i n a n t  in  t he  i n v e s t i g a t e d  IW~ range .  
The Je = 0 + c o n t r i b u t i o n  is l a rge  excep t  for  t he  two h i g h e s t  M~ bins ,  w h e r e a s  t he  
c o n t r i b u t i o n  of JP = 2 + i n c r e a s e s  wi th  M4~ a n d  is d o m i n a n t  in  t he  two h i g h e s t  M4~ 
b ins .  

Some words  of c a u t i o n  have  to be added  c o n c e r n i n g  e spec i a l l y  t he  r e g i o n  below 
the  n o m i n a l  pOpO t h r e sho ld .  The r e s u l t s  have  b e e n  o b t a i n e d  wi th  t he  spec ia l  cho ice  
of t he  m a t r i x  e l e m e n t s  as d e s c r i b e d  above.  There  is no  g u a r a n t e e  t h a t  the  r ea l  
wor ld  is l ike tha t .  In fact ,  i t  has  b e e n  r e p o r t e d  in  a p a r a l l e l  s e s s i on  a t  th i s  work -  
shop  t h a t  t h e r e  a re  i n d i c a t i o n s  of f ina l  s t a t e  i n t e r a c t i o n s  a t  low pop° m a s s e s  / 2 3 / .  
Tha t  was f o u n d  by s t u d y i n g  c o r r e l a t i o n s  in  the  # # - m a s s e s  u s i n g  TASSO da ta .  Such  
f ina l  s t a t e  i n t e r a c t i o n s  a re  n o t  i n c l u d e d  in  t he  m a t r i x  e l e m e n t s  u s e d  in  the  fits.  
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Figure  12. D e c o m p o s i t i o n  of the  c ross  s e c t i o n  for  77~p°p ° i n t o  the  d i f f e r e n t  
s p i n - p a r i t y  c o n t r i b u t i o n s  (TASSO) : JP = 0 +, JP = 0-, JP = 2 + 
a n d  Je = 2- 

3.1.2 The CELLO Analysis  of 77-~r+~r-Tr+Tr- 

An a n a l y s i s  of t he  four  c h a r g e d  p ion  f ina l  s t a t e  has  b e e n  p r e s e n t e d  a t  t h i s  w o r k -  
shop  by t h e  CELLO c o l l a b o r a t i o n  / 2 4 / .  They u s e d  d a t a  f r o m  a n  i n t e g r a t e d  
l u m i n o s i t y  of 11.3 pb -I. The e v e n t  s e l e c t i o n  c a n  be b r i e f ly  s u m m a r i z e d  as follows: 
The s e l e c t e d  e v e n t s  had  to have  four  c h a r g e d  t r a c k s  wi th  m o m e n t a  p~_120 MeV/c 
d e t e c t e d  in  a po la r  a n g u l a r  r a n g e  Icos@J_~0 95 (TASS0: Icos@I<0.84). The t o t a l  
transverse  m o m e n t u m  of the four pion sys tem was required to be rE T[<120 
MeV/c. After t he se  cu t s  835 e v e n t s  with a n  e s t i m a t e d  b a c k g r o u n d  of 9% were  f o u n d  
in  t h e  r a n g e  l . l  ~ M4= < 2.5 GeV. 
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In a f i r s t  s t ep  the  CELLO g roup  d e t e r m i n e d  t he  e ross  s e c t i o n  for the  p r o d u c t i o n  of 
four  c h a r g e d  p ions  i n c l u d i n g  p o s s i b l e i n t e r m e d i a t e  r e s o n a n c e  s t a t e s .  To a c c o u n t  
for  d i f f e r ences  in  t he  a c c e p t a n c e  d e p e n d i n g  on  w h e t h e r  r e s o n a n c e s  a re  f o r m e d  or 
no t ,  t h e  a c c e p t a n c e  was c a l c u l a t e d  as a f u n c t i o n  of the  m a s s e s  mlz, m34, mt~, m3z 
of ~ T r - c o m b i n a t i o n s  ( the  i nd i ce s  of t he  m a s s e s  have b e e n  e x p l a i n e d  above).  Since 
for  a ful l  d e t e r m i n a t i o n  of t he  s y s t e m  7 v a r i a b l e s  a re  n e e d e d  a d d i t i o n a l  i n f o r m a -  
t i o n  f r o m  the  m e a s u r e d  a n g u l a r  d i s t r i b u t i o n s  was i n c l u d e d  in the  a c c e p t a n c e  
c a l c u l a t i o n s .  The p - p r o d u c t i o n  was a s s u m e d  to be i so t rop ie ,  as ju s t i f i ed  by  the  
d i s t r i b u t i o n  in  F igure  13a. Di f fe ren t  decay  a n g u l a r  d i s t r i b u t i o n s  of the  p 's  in  the  
p - h e l i c i t y  s y s t e m  (8 H) were  u s e d  d e p e n d i n g  on  t he  p - p r o d u c t i o n  angle.  
F igure  13b shows t h a t  t he  decay  a n g u l a r  d i s t r i b u t i o n  is f la t  for  leos@pl < 0.8 and  
~ s i n  e ®~H ( ind ica t ive  for  p 's  with he l i c i ty  ±1) for IcosSpl > 0.8. F igure  14a shows 
the  four  c h a r g e d  p ion  c ross  s e c t i o n  o b t a i n e d  with t he se  a c c e p t a n c e  c o r r e c t i o n s .  
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Figure  13. CELLO: A c c e p t a n c e  c o r r e c t e d  a n g u l a r  d i s t r i b u t i o n s  in  the  
r e a c t i o n  yy~pOpO (pOpO i s . d e f i n e d  by cu t s  in  t he  lr+Tr - m a s s e s ,  hM 
= ±100 MeV) : a) Po la r  a n g u l a r  d i s t r i b u t i o n  of t h e  p r o d u c e d  p's 
w.r.t,  t h e  y - d i r e c t i o n  in  t he  77 c.m.s. ,  b) Decay a n g u l a r  
d i s t r i b u t i o n  of the  p 's  in  t he  p - h e l i c i t y  s y s t e m  for  two 
c o s e p - i n t e r v a l s .  

In a s e c o n d  s t ep  the  CELLO g roup  s e p a r a t e d  the  t h r e e  c o n t r i b u t i o n s  pOpO, pOTr+lr- 
a n d  4~r p h a s e  space  in  t he  r a n g e  1.1 < M4= ~ 2.5 GeV. For each  c o n t r i b u t i o n  t he  
n u m b e r  of e v e n t s  in  200 MeV wide M4=-bins was d e t e r m i n e d  by f i t t i ng  the  s u m  of 
t he  t h r e e  c o n t r i b u t i o n s  to  t he  two d e n s i t y  d i s t r i b u t i o n s  m(~r+x -) vs. m(lr+Tr -)  a nd  
m(~+~ +) vs. m(~-~-) .  

The p°p° cross  s e c t i o n  is shown  in F igure  14a. Shape  a n d  h e i g h t  of the  c ros s  sec -  
t i on  a re  in  good a g r e e m e n t  with the  TASSO re su l t .  The p°p° c h a n n e l  a c c o u n t s  for  
a b o u t  hal f  t he  four  c h a r g e d  p ion  c ross  sec t ion .  The c ross  s e c t i o n s  for  p°~+~r- a nd  
4~ p h a s e  space  p r o d u c t i o n  a re  shown in  F igure  14b. Note t h a t  the  p°IT+~ - c ross  
sec t ion ,  t h o u g h  of s i m i l a r  size, does n o t  exh ib i t  a t h r e s h o l d  b e h a v i o u r  as d r a m a t -  
ic as o b s e r v e d  for  p°p°, s ince  the  p°~+Tr- t h r e s h o l d  is m u c h  lower. 



189 

..Q 
c 

200 

150 

100 

50 

CELLO 
' I ,I I r I I I I 

i 

/ + 

; t I I ; I I I 
1.0 1.2 1.4 1.6 12 2.0 2.2 21, 2.6 

CELLO 
I t i I t I I 

200 ~ yy-*p2~ 
b) yy~4~{phoce space • 

on ly }  

150 

,o 

~" 100 o 

I I I I ] I ~ 
E 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

W~ [GeV] W~ [GeVl 35779 

Figure  14. CELLO: a) Cross s e c t i o n  for  77-*n+Tr-~r+TT - (all 4 p i o n  f ina l  s t a t e s )  
a n d  77~p°p ° b) Cross s e c t i o n  for 77-*1T+#-Tr+~T - (phase  space  

only)  a n d  77-*p°TT+~T -. 

3.1.3 S u m m a r y  of the  Resu l t s  on  t he  F o u r  CharRed P ion  F ina l  S t a t e  

The r e s u l t s  of the  m e a s u r e m e n t s  of t h e  fou r  c h a r g e d  p ion  f ina l  s t a t e  a re :  The 
la rge  c ross  s e c t i o n  for  p°p° p r o d u c t i o n  e x t e n d s  below the  n o m i n a l  p°p~ t h r e s h o l d .  
A s izeab le  p°~+~-  c ross  s e c t i o n  is observed .  The p a r t i a l  wave a n a l y s i s  for  pop° 
yields:  JP = 0-  and  2- a re  n o t  d o m i n a n t ;  JP = 0 + d o m i n a t e s  below ~1.7 GeV a n d  JP = 
2 + above ~1.7 OeV. 

What could  be a poss ib le  e x p l a n a t i o n  of a p°p° e n h a n c e m e n t  wi th  s p i n - p a r i t y  0 ~ 
a n d  2 + ? One i n t e r e s t i n g  poss ib i l i ty ,  s u g g e s t e d  in  /20 ,  2 i / ,  is to exp la in  t he  ef fec t  
with the  p r o d u c t i o n  of four  q u a r k  b o u n d  s t a t e s / 2 5 / :  

77 -~ qqqq "~ P°P° 

This interpretation accounts for both the threshold enhancement and for the 
measured spin-parity structure. The four quark states are ordered in multiplets. 
The lowest multiplet is a jPC = 0++ nonet with masses around i GeV. It has been 
suggested that the scalar states ~(700), S*(980) and 6(980) belong into this 
multiplet /26, 27/. These states couple dominantly to a pair of pseudoscalar 
mesons (PP) and the 7T-width should be suppressed (up to now in agreement with 
experiment). According to VMD we expect the largest couplings to 77 for the 
multiplets which have a dominant coupling to pairs of vector mesons (VV). Table I 
gives a summary of some expected multiplets with the average masses and the 
relative amplitudes for the couplings to pairs of pseudoscalar and vector mesons 
('recoupling coefficients'). In general, a four quark state should be broad because 
it can easily decay into pairs of q~l mesons. An exception could be, for example, 
the 0++-state at about 1.45 GeV (Table I), which couples dominantly to p°p°. This 
state is predicted to have a relatively narrow width (i.e. typical hadronic width) 
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because it lies below the threshold for its fall apart pieces (p°p°) /26/. Above 
threshold the widths become gradually larger, 

Multiplet JPc(1) Mass [GeV] PP W 

9. 
36* 
9 
36 

0++(0) 
0++(0,2) 
3++(0) 
2++(0,2) 

1.45 
1.80 
1,65 
1,65 

- 0 . i 7 7  
0.041 
0 
0 

0 ,644 
0 .743 
0 ,816 
0.577 

Table I. The recoupling coefficients of the S-wave four quark 
states which decay mainly into two vector mesons. P and 
V denote pseudoscalar and vector quark-antiquark states. 

Many other explanations for the large pOpO production have been discussed. A 
clue for the solution of this question is expected from measurements of the pro- 
duction of other vector meson pairs. Table 2 shows that different models can dif- 
fer largely in their predictions for the relative yields of vector meson pair 
production. For the following discussion I want to emphazise that a resonance 
with isospin 0 decays twice as frequently into p+p- than into pOpO. 

Model pOpO p+p- ~ pO~ 

v~/18/ 
Quark model 
Quark model /19/ 
Resonance (I=0) 
q q ~ / 2 0 /  
q q ~ / 2 1 /  

0 

2 
4//25 
2 
~0 
~0 

1/81 
5.8 
1 
allowed 
allowed 

0.1 

I/9 
0.5 
36/25 
allowed 
0 
~I 
O. 05 

Table 2. Ratios of the cross sections for 77~W ' to 77~p°p ° 
as predicted from different models. 
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3 . 2  THE JADE ANALYSIS OF ?,?,~T+~r-~r°~T ° 

The JADE g r o u p  a n a l y z e d  77*p+p - s t u d y i n g  t h e  f ina l  s t a t e  ~r+~T-~T0~r0 i n  a d a t a  
s a m p l e  co l l ec t ed  for  a n  i n t e g r a t e d  l u m i n o s i t y  of 77 pb - i  / 2 8 / .  Even t s  were 
s e l e c t e d  r e q u i r i n g  two c h a r g e d  t r a c k s  with m o m e n t a  p > 100 MeV/c a n d  four  
p h o t o n s  wi th  shower  e n e r g i e s  E~ > 60 MeV each.  The e v i d e n c e  for  two c o r r e l a t e d  
~T°'S in  a n  e v e n t  is shown in  F igure  15, where  one  7 7 - m a s s  is p l o t t e d  v e r s u s  the  
o ther .  P h o t o n  pa i r s  with i n v a r i a n t  m a s s e s  b e t w e e n  60 a n d  220 MeV were  c o n s i d -  
e r ed  to be ~T°'s. For  the  s u b s e q u e n t  ana ly s i s  the  k i n e m a t i c s  of the  two p h o t o n s  
was f i t t ed  wi th  a c o n s t r a i n t  on  t he  ~r ° mas s .  
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Figure  15. P lo t  of one  y y  m a s s  v e r s u s  t he  o t h e r  for  e v e n t s  wi th  4 
p h o t o n s  a n d  two c h a r g e d  t r a c k s  d e t e c t e d  (JADE). There  a r e  3 
e n t r i e s  pe r  event .  

P lo t t i ng  t he  m a s s e s  of t h e  ~T+~ ° a n d  1T-lr ° c o m b i n a t i o n s  (Figure  16) one  o b t a i n s  a 
s igna l  a t  t h e  p - m a s s ,  which  is n o t  s e e n  in  the  n e u t r a l  c o m b i n a t i o n s  1T+~ - a n d  ~0~0. 
The a b s e n c e  of a pO s igna l  in  t he  1T+~T - c o m b i n a t i o n  is eas i ly  exp la ined :  S ince  t he  
fou r  p ion  f i n a l  s t a t e  with c h a r g e  c o n j u g a t i o n  C=+I has  even  i so sp i n  I, t h e  p r e s -  
ence  of a p° wi th  I = l  r e q u i r e s  t h a t  t he  ~°Tr° c o m b i n a t i o n  be  also in  a n  I = l  s t a t e  
w h i c h  is n o t  poss ib l e  for  ~0~0. Al though  t h e r e  is a c h a r g e d  p s ignal ,  t h e  
t w o - d i m e n s i o n a l  d i s t r i b u t i o n  of 7T+TT°-masses v e r s u s  ~T-1T°-masses in  F igu re  17a 
does n o t  show a c l ea r  e v i d e n c e  for  c o r r e l a t e d  p+p- p r o d u c t i o n .  For  c o m p a r i s o n  
t he  c o r r e s p o n d i n g  p lo t  for  t he  n e u t r a l  m a s s  c o m b i n a t i o n s  is shown  in  F igure  17b. 

The m e a s u r e d  e v e n t  r a t e  as  a f u n c t i o n  of t he  4 p ion  m a s s  is p l o t t e d  in  F igu re  18 
(open  h i s t o g r a m ) .  The h a t c h e d  h i s t o g r a m  is the  r a t e  r e s t r i c t e d  to  t he  p + p - - b a n d  
(0.55 < m p <  0.95 GeV). The o b s e r v e d  sh i f t  of t he  d i s t r i b u t i o n  a f t e r  t h i s  c u t  m a y  
be j u s t  a p h a s e  space  effect .  The c ross  s e c t i o n  de r ived  f r o m  t he  e v e n t s  i n  t h e  
p + p - - b a n d  is p l o t t e d  in  F igure  19. S ince  the  p+p- r a t e  ha s  n o t  b e e n  exp l i c i t l y  
d e t e r m i n e d ,  th i s  c ros s  s e c t i o n  ha s  to be  c o n s i d e r e d  as a n  u p p e r  l i m i t  for  
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a(yy--*p+p-). The e r r o r s  i n  t h e  p l o t  a r e  s t a t i s t i c a l  on ly ;  t h e  s y s t e m a t i c  e r r o r s  a r e  
o n  t h e  o r d e r  of 30%. 
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F i g u r e  16.  Mass d i s t r i b u t i o n s  fo r  two p i o n  c o m b i n a t i o n s  i n  e v e n t s  w i t h  two 
c h a r g e d  a n d  two n e u t r a l  p i o n s  (JADE). O p e n  h i s t o g r a m :  c h a r g e d  
p i o n  p a i r s  (4 e n t r i e s  p e r  e v e n t ) ,  h a t c h e d  h i s t o g r a m :  n e u t r a l  p i o n  
p a i r s  (2 e n t r i e s  p e r  e v e n t ) .  
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F i g u r e  17. T w o - d i m e n s i o n a l  p l o t  of t h e  ~ m a s s e s  s h o w n  i n  F i g u r e  16 
(JADE). (a: c h a r g e d  p i o n  p a i r s ,  2 e n t r i e s  p e r  e v e n t ;  b: n e u t r a l  
p i o n  p a i r s ,  1 e n t r y  p e r  e v e n t ) .  
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F i g u r e  19. Cross  s e c t i o n  fo r  7~,--*p+p - o b t a i n e d  f r o m  t h e  h a t c h e d  h i s t o g r a m  
in  p r e v i o u s  f i g u r e  (JADE, p r e l i m i n a r y ) .  Also s h o w n  is t h e  c r o s s  
s e c t i o n  fo r  T'7-,p°p ° f r o m  T A S S O / 2 2 / .  

A c o m p a r i s o n  of t h i s  c r o s s  s e c t i o n  wi th  t h e  popo c r o s s  s e c t i o n  shows  v e r y  c l e a r l y  
t h a t  b o t h  c r o s s  s e c t i o n s  h a v e  a t o t a l l y  d i f f e r e n t  b e h a v i o u r  a t  t h r e s h o l d .  Tha t  
m e a n s  in p a r t i c u l a r  t h a t  t h e  pop° e n . h a n c e m e n t  c a n n o t  b e  due  to  a s ing le  
r e s o n a n c e  wi th  well  d e f i n e d  i so sp in .  The r e l a t i v e  r a t e s  e x p e c t e d  fo r  t h e  d e c a y  of a 
r e s o n a n c e  wi th  i s o s p i n  I (I = 0, 2) i n to  p a i r s  of n e u t r a l  a n d  c h a r g e d  p's a re :  



194 

I p+p- pOpO 

0 2 1 
2 1 2 

Which poss ib i l i t i es  a re  now r e m a i n i n g  for  the  e x p l a n a t i o n  of the  pop° 
enhancement? Models, which are related to VMD, will always prefer pop°_ over 
p+p--production and thus conform with the measurements. The four-quark mod- 
els of /20/ and /21/i also predict a small p+p- cross section due to interferences 
between different states. 

3.3 OBSERVATION OF A NARROW STRUCTURE AT 2.1 GEV IN 77-,7r+~-~+~ - 

The TASSO co l l abo ra t i on  obse rved  a n a r r o w  s t r u c t u r e  a round  2.1 GeV in t he  four  
cha rged  pion m a s s  s p e c t r u m  (Figure 20) / 2 9 / .  A s m o o t h  curve was f i t t ed  to  the  
mass  s p e c t r u m  be tween  1.65 and 3.0 GeV inc luding  the  s ignal  region.  For  m a s s e s  
be tween  2.05 and 2.15 GeV the  obse rved  event  r a t e  is 4.3 s t a n d a r d  dev ia t ions  l a r g -  
e r  t h a n  e x p e c t e d  f rom th is  fit. Inc luding  a Brei t -Wigner  func t ion  in add i t i on  to  
the  s m o o t h  curve  the  fit gives a good d e s c r i p t i o n  of t he  d a t a  and  yie lds  for  the  
Brei t -Wigner  p a r a m e t e r s ,  m a s s  and width,  and  for  the  n u m b e r  of events  in t he  
peak:  

M=2.103±0.01 GeV, F=0.030±0.034 GeV, N=125.6±46 

In th is  fi t  the  4 pion m a s s  r e so lu t ion ,  which is a b o u t  60 MeV (FWHM) n e a r  2 GeV, 
has  been  t a k e n  into  account .  If th is  s t r u c t u r e  is indeed  a r e s o n a n c e  i ts  77 coup l -  
ing is: 

F~'(2J+I).B(4~ ±) = 1.25 ± 0.5 (s tar . )  + 0.5 (syst.)  keV 

J is the  spin  of the  r e s o n a n c e  and  B(4~ ±) the  decay  b r a n c h i n g  r a t i o  in to  four  
cha rged  pions.  Upper  l imi t s  for  the  b r a n c h i n g  r a t i o s  in to  pop° and  KoKo a re  found 
to be 

B(pOp°)/B(4n+) < 0.6 (957. c.l.), 
B(KoRo)/B(4~ ±) < 0.06 (957. c.l.). 

The s ignal  does  no t  s eem to be c o r r e l a t e d  with the  la rge  p°p° e n h a n c e m e n t  
obse rved  be tween  t h r e s h o l d  and  M4~ ~ 2 GeV. Removing events  which have a 
n+Ir--n+~r - c o m b i n a t i o n  in the  p°p° -band  (cu t  in the  p° -mass :  +150 MeV) the  Id_,~ 
d i s t r i b u t i o n  in Figure 21a was ob ta ined .  Al though the  s ignal  a p p e a r s  m o r e  p r o -  
n o u n c e d  in th i s  p lo t  a quan t i t a t i ve  ana lys i s  is m o r e  diff icul t  b e c a u s e  the  ef fec t  of 
the  appl ied  cu t  on the  b a c k g r o u n d  i n t r o d u c e s  u n c e r t a i n t i e s .  The s ignal  to  b a c k -  

At the time of the workshop there was a discrepancy between the predictions 
for the p+p- cross section from/20/and/21/. Meanwhile the authors of/21/ 
corrected their calculations. 
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g r o u n d  r a t i o  is  i m p r o v e d  if one  p l o t s  on ly  e v e n t s  w h i c h  a p p e a r  p l a n a r  in  t h e  
l a b o r a t o r y  s y s t e m  (F igu re  21b). " P l a n a r "  is d e f i n e d  by  Q~ < 0.05, w h e r e  Qt is  t h e  
s m a l l e s t  e i g e n v a l u e  of t h e  s p h e r i c i t y  t e n s o r .  Monte  Car lo  s t u d i e s  s h o w e d  t h a t  t h e  
l a t t e r  c u t  a l so  e n h a n c e s  4~ p h a s e  s p a c e  ove r  p°p° f ina l  s t a t e s .  The e f f e c t s  of t h e s e  
k i n e m a t i c a l  c u t s  a r e  s t i l l  u n d e r  s t u d y  b y  t h e  TASS0 g r o u p .  

If t h e  o b s e r v e d  n a r r o w  s t r u c t u r e  will be  c o n f i r m e d  as  a r e s o n a n c e  i t  c a n n o t  e a s i l y  
be  a s s o c i a t e d  wi th  a k n o w n  s t a t e  wi th  s i m i l a r  r e s o n a n c e  p a r a m e t e r s .  The n e a r e s t  
c a n d i d a t e  would  be  t h e  h(2040), b u t  i t  d o e s  n o t  s e e m  to  h a v e  t h e  s a m e  r e s o n a n c e  
p a r a m e t e r s .  Note  however ,  t h a t  t h e  a u t h o r s  of / 3 0 /  p r e d i c t e d  a r e l a t i v e l y  l a r g e  
" /y -wid th  fo r  t h e  h(2040), wh ich  t h e y  c a l l e d  in  t h e  p a p e r  t h e  f ° - r e c u r r e n c e  f*. 
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4.0 THE TOTAL CROSS SECTION FOR TWO-PHOTON PRODUCTION OF HADRONS AT 
LOW Q2 

4.1 EXCLUSIVE FINAL STATES AND THE TOTAL CROSS SECTION 

The l a rge  a m o u n t  of e x p e r i m e n t a l  r e su l t s  on exclusive f inal  s t a t e s  in t w o - p h o t o n  
s c a t t e r i n g  enab les  us  to c o m p a r e  the  exclusive m e a s u r e m e n t s  with the  e x p e r -  
i m e n t a l  d e t e r m i n a t i o n s  of the  t o t a l  77 c ross  sec t ion  and t h e o r e t i c a l  expec ta t ions .  
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Figure  22. Sum of m e a s u r e d  77 cross  sec t ions  c o m p a r e d  to  p r e d i c t i o n s  
f rom Regge model  ca lcu la t ions  / 3 1 / .  The s u m  of c ross  sec t ions  
inc ludes  r e s o n a n c e  p roduc t ion ,  the  Born cross  sec t ion  for  
7 7 ~ + ~  - and 4 pion p roduc t ion ,  7 7 . - * y r + r r ~ r + ~ r  - and 77-~+~-'~%T° 
( r e s t r i c t e d  to p+p- -band) .  

In Figure  22 the  m e a s u r e d  exclusive  channe l s  a re  s u m m e d  up. The r e s o n a n c e s  
are  s c h e m a t i c a l l y  r e p r e s e n t e d  by r e c t a n g u l a r  boxes  with a reas  equal  to those  
u n d e r  the  c o r r e s p o n d i n g  r e s o n a n c e  curve. The ~+yr- c o n t i n u u m  was a s s u m e d  to 
be r e p r e s e n t e d  by the  Born a p p r o x i m a t i o n  up to 1.5 GeV. The curve  for four  pion 
p r o d u c t i o n  inc ludes  the  four cha rged  pion p r o d u c t i o n  c ross  s e c t i on  t a k e n  f rom 
Figure 14 (CELLO) and  the  77-*~+~-~r°~ ° c ross  s ec t ion  ( r e s t r i c t e d  to the  
p+p- -band )  f rom Figure  19 (JADE). 

The m e a s u r e d  exclus ive  cross  sec t ions  are  c o m p a r e d  to e s t i m a t e s  using the  Regge 
model .  Relat ing 77 s c a t t e r i n g  to 7 - n u c l e o n  and  n u c l e o n - n u c l e o n  c ross  sec t ions  a t  
high ene rg ies  the  77 t o t a l  c ross  sec t ion  was p r e d i c t e d  to be / 3 1 / :  

a w = (240 + 270/W) nb (W in GeV), 

The c o n s t a n t  t e r m  a c c o u n t s  for p o m e r o n  exchange  and the  i / W - t e r m  a r i ses  f rom 
the  leading  Regge t r a j e c t o r i e s  (f0 Az), Con t r ibu t ions  f rom n o n - l e a d i n g  Regge t r a -  
j e c to r i e s  (like the  f ' - t r a j e c t o r y )  giving r ise  to t e r m s  with h igher  powers in i /W 
were e s t i m a t e d  to be small .  Via dua l i ty  the  I / W - t e r m  shou ld  r e p r o d u c e  the  ave r -  
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age of t he  r e s o n a n c e  c ross  sec t ions .  In fact ,  t h e  m e a s u r e d  r e s o n a n c e s  s e e m  to 
s a t u r a t e  r o u g h l y  t h i s  p r e d i c t e d  c ross  s e c t i o n  (Figure  22). 

On the  o t h e r  hand ,  i t  has  b e e n  s u g g e s t e d  t h a t  in  a d d i t i o n  to the  Regge c o n t r i b -  
u t i o n s  t h e r e  m a y  be n o n - R e g g e  t e r m s  a r i s i ng  f rom the  po i n t l i ke  coup l ing  of the  
pho ton .  According  to /32/ a r o u g h  e s t i m a t e  for th i s  c o n t r i b u t i o n  cou ld  be the  
s imple  q u a r k  loop box d i a g r a m .  That  would  add  a t e r m  ~ l / W  e to the  t o t a l  c ross  
sec t ion .  In / 3 2 /  i t  was a r g u e d  t h a t  s u c h  an  a d d i t i o n a l  t e r m  was n e e d e d  to 
a c c o u n t  for  the  r e s o n a n c e  c o n t r i b u t i o n s ,  which  h a d  b e e n  e s t i m a t e d  us ing  s u p e r -  
c o n v e r g e n t  s u m  ru les .  Now the  m e a s u r e d  c ros s  s e c t i o n s  for  the  r e s o n a n c e s  show 
t h a t  th i s  a r g u m e n t  is no  l o n g e r  valid. The s u p e r c o n v e r g e n t  s u m  ru l e  d i s c u s s e d  in  
/ 3 2 /  r e q u i r e s  a ?,-;,-width of the  f0 of ~9 keV, which has  to be c o m p a r e d  to  the  
m e a s u r e d  va lue  of ~3 keV (see also d i s c u s s i o n  in  / 3 3 / ) .  One m a y  w o n d e r  if th i s  
too la rge  e s t i m a t e  is c a u s e d  by t he  a s s u m p t i o n  t h a t  below ~2 GeV the  t o t a l  c ros s  
s ec t i on  is s a t u r a t e d  by  r e s o n a n c e s  (i.e. t he  p s e u d o s c a l a r ,  s c a l a r  a n d  t e n s o r  
q~ l - resonances ) .  Does t he  d i s c r e p a n c y  b e t w e e n  t he  p r e d i c t e d  a n d  the  m e a s u r e d  
y y - w i d t h  of the  f0 m e a n  t h a t  t h e r e  m u s t  be  a d d i t i o n a l  p r o d u c t i o n  of 2 + - s t a t e s ?  
For example ,  wha t  is t he  ro le  of f o u r - q u a r k  s t a t e s ,  in  the  e s t i m a t e s  of r e s o n a n c e  
cross  s e c t i o n s  via d u a l i t y  a r g u m e n t s  as done  i n / 3 1 / ?  Since a lot  of e x p e r i m e n t a l  
r e s u l t s  on yy  r e s o n a n c e  p r o d u c t i o n  a n d  o t h e r  exc lus ive  f ina l  s t a t e s  a re  now ava i l -  
able,  t he se  q u e s t i o n s  s h o u l d  be r e i n v e s t i g a t e d .  

4.2 THE EXPERIMENTAL DETERMINATION OF THE TOTAL HADRONIC CROSS SECTION 

M e a s u r e m e n t s  of the  ?'Y t o t a l  c ross  s e c t i o n  have  a m a j o r  d i s a d v a n t a g e  c o m p a r e d  
to the  m e a s u r e m e n t s  of the  o n e - p h o t o n  a n n i h i l a t i o n  c ross  s ec t ion :  The 
c e n t e r - o f - m a s s  energy ,  W~, of an  e v e n t  is n o t  k n o w n  b e c a u s e  the  p h o t o n s  p rov ide  
a c o n t i n u o u s  s p e c t r u m  of W~-va lues .  Hence  W~ has  to be  m e a s u r e d .  In a 
d o u b l e - t a g  e x p e r i m e n t  W~ is in  p r i n c i p l e  d e t e r m i n e d  by  t he  m e a s u r e d  k i n e m a t i c s  
of t he  s c a t t e r e d  l ep tons .  But  i t  is d i f f icu l t  to o b t a i n  su f f i c i en t  r e s o l u t i o n s  in  the  
tagging  devices.  For  t yp i ca l  fo rward  d e t e c t o r s  a t  PETRA a n d  PEP t he  r e s o l u t i o n  is 
n o t  good e n o u g h  for  m e a s u r i n g  t he  t o t a l  c ross  s e c t i o n  in  t he  r e s o n a n c e  reg ion .  In 
the  s i n g l e - t a g  or n o - t a g  case  W~ has  to  be  r e c o n s t r u c t e d  f r o m  the  m e a s u r e d  
h a d r o n s .  Because  of t he  i m p e r f e c t  d e t e c t i o n  t he  m e a s u r e d  W~ (Wvis) will in  g e n -  
e ra l  be s m a l l e r  t h a n  t he  r e a l  Wvv. The d e t e r m i n a t i o n  of the  W~ d e p e n d e n c e  of the  
c ross  s e c t i o n  t h e r e f o r e  r e q u i r e s  t he  use  of a model ,  which  r e a l i s t i c a l l y  d e s c r i b e s  
the  h a d r o n i c  f ina l  s t a t e s .  The i n g r e d i e n t s  of s u c h  m o d e l s  a re  for  example :  

• a m u l t i b o d y  p h a s e  space  wi th  l i m i t e d  t r a n s v e r s e  m o m e n t a  of the  p a r t i c l e s  
w.r,t, t h e  d i r e c t i o n  of t he  p h o t o n s  (PT), da /dpw e ~ exp-apw ~ or  ~ exp-bpw; 

• the  ave r age  m u l t i p l i c i t i e s  as a f u n c t i o n  of W~ for d i f f e r e n t  p a r t i c l e  spec ies  
( c h a r g e d  a n d  n e u t r a l  ~'s,  K's, p's,.. .); 

• m u l t i p l i c i t y  d i s t r i b u t i o n s ;  

• t he  Q2-dependence  of t he  c ros s  s ec t ion .  
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The Q2-parametr izat ion is also needed for the ex t rapola t ion  to the cross sect ion 
for real  photons.  In Figure 23 the dependence  of the  cross sect ion on Q2 obtained 
f rom simple p-pole dominance  is compared  to the expec ta t ion  f rom a general ized 
vec tor  meson dominance  model  (GVMD) / 3 4 / .  For the Qz range  covered by typical  
small angle  taggers  the change in the ex t rapo la ted  cross sect ion is about  30 to 
50% in the single-tag case. 
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Figure 23. Q2 dependence  of the two-pho ton  cross  sect ion for p-pole 
dominance  and GVMD. The dashed curve is the rat io of both  (Fp/ 
Fav~D). 

There have been two early analyses of the to ta l  cross  sect ion using the single tag 
method:  the published analysis of the PLUTO g r o u p / 3 5 / a n d  a pre l iminary  analy-  
sis of the TASS0 group /36 / .  The discrepancies  between both  analyses, especially 
in the low W~ region, have been often discussed in the past.  At low W~ the PLUTO 
group found a steep increase  of the  cross sect ion descr ibed by a large coefficient  
of the  1/WZ-term in a pa rame t r i za t ion  of the cross  sect ion according to: 

avv = A* B/W + C/W 2 

In the pre l iminary  TASS0 analysis the inclusion of a 1 /WLte rm was not  necessary.  

To unde r s t and  the reason  for this d i sc repancy  the TASSO group carr ied out  a 
detailed s tudy of the model  dependence  of the tota l  cross  sect ion de te rmina t ion  
/ 3 7 / .  This s tudy was done with data  cor responding  to an in tegra ted  luminosi ty  of 
~9 pb -1, which is about  3 t imes the a m o u n t  available for the previous analysis. 
Events with at  least  3 c h a r g e d t r a c k s  were selected for the analysis; neu t ra l  ener -  
gy m e a s u r e m e n t s  were not  available for these data.  

With these  data  an a t t em p t  was made to fit s imul taneous ly  the model  pa ramete r s ,  
such as the pv-slope, the average charged  mult ipl ici ty and the different cross sec-  
t ion terms,  by compar ing  exper imenta l  d is t r ibut ions  to the Monte Carlo genera ted  
distr ibutions.  For this purpose  a me thod  was developed which supplied the con-  
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t e n t s  of the  Monte Carlo d i s t r i b u t i o n s  as c o n t i n u o u s  f u n c t i o n s  of t he  p a r a m e t e r s .  
This p r o c e d u r e  allows one to s t u d y  the  c o r r e l a t i o n s  b e t w e e n  the  p a r a m e t e r s .  

The r e s u l t  of the  f i ts  was r a t h e r  d i s a p p o i n t i n g :  The c o r r e l a t i o n s  b e t w e e n  t he  
p a r a m e t e r s  t u r n e d  ou t  to be  so l a rge  t h a t  a r e l i ab l e  u n f o l d i n g  of t he  W~ d i s t r i b -  
u t i o n  was n o t  poss ib le .  The s t a b i l i t y  of the  fit  cou ld  be i m p r o v e d  if s o m e  of t he  
p a r a m e t e r s ,  l ike the  pT-slope a n d  t he  m u l t i p l i c i t y ,  were fixed. But  t h i s  a p p r o a c h  
is of q u e s t i o n a b l e  va l id i ty  s ince  t h e s e  p a r a m e t e r s  a re  in  p r i n c i p l e  u n k n o w n .  

This s t u d y  was done  with a specif ic  d e t e c t o r .  It is c l ea r  t h a t  a h i g h e r  d e t e c t i o n  
e f f ic iency  for  b o t h  c h a r g e d  a n d  n e u t r a l  p a r t i c l e s  will i m p r o v e  t he  r e s u l t s  of t h e  
un fo ld ing  p r o c e d u r e .  However, s o m e  c o n c l u s i o n s  a re  of m o r e  g e n e r a l  va l id i ty :  
The s t u d y  ha s  shown t h a t  t he  d e t e r m i n a t i o n  of t he  t o t a l  c ros s  s e c t i o n  is m o r e  
c o m p l i c a t e d  t h a n  a s s u m e d  in  t he  f i r s t  ana lyse s .  0n ly  a s i m u l t a n e o u s  fi t  of all  
m o d e l  p a r a m e t e r s  c a n  r evea l  c o r r e l a t i o n s  a n d  allows to  p rove  t he  s i g n i f i c a n c e  of 
a r e s u l t  for t he  W - d e p e n d e n c e  of t he  c ross  sec t ion .  The s i g n i f i c a n c e  of t he  r e s u l t  
is c o n s i d e r a b l y  i n c r e a s e d  if one  c a n  show t h a t  all d i s t r i b u t i o n s ,  e spec i a l l y  t he  PT 
a n d  t he  m u l t i p l i c i t y  d i s t r i b u t i o n s ,  a re  equa l ly  well d e s c r i b e d  for  all  Wvis va lues .  In 
p a r t i c u l a r ,  t h e  d e t e r m i n a t i o n  of t he  pT-s lope be fo re  the  p r o p e r  un fo ld ing ,  w i t h o u t  
r e g a r d i n g  c o r r e l a t i o n s  with o t h e r  p a r a m e t e r s  a n d  a ve r a g i ng  over  all  Wvis va lues ,  
was f o u n d  to be d a n g e r o u s .  
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Figure  24. The t o t a l  c ros s  s e c t i o n  v e r s u s  t he  v is ib le  i n v a r i a n t  m a s s  
(Pluto):  O'TT + eaLV a t  <Qe> = 0.25 GeY e. The p r e d i c t i o n  of t h e  
Regge e s t i m a t e  is g iven  by  t he  solid curve .  

The d e t e r m i n a t i o n  of t he  c ross  s e c t i o n  below W~ ~ 2 GeV is p a r t i c u l a r l y  d i f f i cu l t  
(see also t he  d i s c u s s i o n  in  / 3 8 / ) .  F igu re  24 d e m o n s t r a t e s  t h a t  t h e  l a rge  
i / W 2 - t e r m  in  the  c ross  s e c t i o n  f o u n d  by t he  PLUTO g r oup  is r e q u i r e d  on ly  by  t he  
d a t a  p o i n t s  below W~ ~ 2 GeV. However,  in  t he  r e s o n a n c e  r e g i o n  one  ha s  to e x p e c t  
spec ia l  p r o b l e m s :  The a c c e p t a n c e  for  e v e n t s  below 2 GeV is on ly  ~8% / 8 8 / .  On t h e  
o t h e r  hand ,  a b o u t  85% of t he  e v e n t s  o b s e r v e d  a t  Wvls < 2 GeV c o m e  f r o m  h i g h e r  
W~ va lues  due  to s m e a r i n g  / 3 9 / .  In  s u c h  a s i t u a t i o n  t he  c ros s  s e c t i o n  c a n n o t  be 
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o b t a i n e d  a p p l y i n g  s i m p l e  a c c e p t a n c e  c o r r e c t i o n s  as  i t  was  d o n e  in F i g u r e  24, 
w h e r e  t h e  c r o s s  s e c t i o n  is g iven  as  a f u n c t i o n  of Wvi,. A p r o p e r  u n f o l d i n g  p r o c e -  
d u r e  is n e c e s s a r y  as  d e s c r i b e d  e.g. in  / 3 7 / .  C o n c e r n i n g  t h e  a p p l i c a b i l i t y  of t h e  
u s e d  m o d e l  to  t h e  r e s o n a n c e  r e g i o n ;  one  h a s  to  q u e s t i o n  w h e t h e r  a m u l t i - p i o n  
p h a s e  s p a c e  m o d e l  wi th  l i m i t e d  PT a n d  s o m e  s t a t i s t i c a l  m u l t i p l i c i t y  d i s t r i b u t i o n  
w o r k s  well  for  r e s o n a n c e s .  A n o t h e r  u n c e r t a i n t y  h a s  b e e n  m e n t i o n e d  in  / 3 8 / :  At 
low W~ t h e  Qe e x t r a p o l a t i o n  to  Qe=0 is e s p e c i a l l y  l a rge ,  a b o u t  a f a c t o r  3 in t h e  
PLUTO a n a l y s i s .  

My p e r s o n a l  c o n c l u s i o n  is t h a t  t h e  t o t a l  h a d r o n i c  c r o s s  s e c t i o n  for  two r e a l  
p h o t o n s  be low W~ = 2 GeV is n o t  y e t  known.  A s i m i l a r  c o n c l u s i o n  was d r a w n  by  
Ch .Berger  a t  t h e  P a r i s  m e e t i n g / 3 8 / .  

New r e s u l t s  a r e  e x p e c t e d  f r o m  JADE, t h e  i m p r o v e d  PLUTO d e t e c t o r  a n d  t h e  
PEP4/PEP9  e x p e r i m e n t .  Recen t ly ,  t h e  ARGUS c o l l a b o r a t i o n  p r o p o s e d  t h e  i n s t a l l a -  
t i o n  of a 0 ° - t a g g e r  a t  DORIS / 4 0 / .  This dev i ce  is s u p p o s e d  to  a c h i e v e  a r e s o l u t i o n  
good  e n o u g h  to  m e a s u r e  t h e  t o t a l  c r o s s  s e c t i o n  down to  t h e  r e s o n a n c e  r e g i o n  in a 
d o u b l e - t a g  e x p e r i m e n t .  
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5.0 SUMMARY 

HADRON PAIR PRODUCTION. The ~+~-  c o n t i n u u m  s e e m s  to be well a p p r o x i m a t e d  by 
t he  Born  t e r m  up to t he  f0 region .  To s e a r c h  for  s c a l a r  r e s o n a n c e s  below 1 GeV 
one  s h o u l d  look for  dev i a t i ons  f r o m  the  Born  c ross  sec t ion .  The c h a r g e d  h a d r o n  
pa i r  p r o d u c t i o n  above 2 GeV is r o u g h l y  in  a g r e e m e n t  with a b s o l u t e  QCD c a l c u -  
l a t i o n s  for pion,  k a o n  a n d  p r o t o n  pa i rs .  Di f fe ren t i a l  c ross  s e c t i o n s  for 7T-*PP for  
2.0 < M(p~) < 3.1 GeV have  b e e n  p r e s e n t e d .  

FOUR PION PRODUCTION. The m o s t  i n t e r e s t i n g  new r e s u l t  on  th i s  r e a c t i o n :  The 
s t r o n g  pop° t h r e s h o l d  e n h a n c e m e n t  has  no  c o u n t e r p a r t  in  p+p-. That  e x c l u d e s  an  
i n t e r p r e t a t i o n  of t he  p°p° e n h a n c e m e n t  as one  s ing le  r e s o n a n c e .  A p a r t i a l  wave 
a n a l y s i s  of pop° yie lded  la rge  je = 0 + i n t e n s i t i e s  below ~1.7 GeV a n d  JP = 2 + i n t e n s i -  
t i es  above  ,,,1.7 GeV. A f o u r - q u a r k  m o d e l  p r e d i c t s  r o u g h l y  th i s  s t r u c t u r e .  The 
n a r r o w  s t r u c t u r e  o b s e r v e d  in  the  four  c h a r g e d  p ion  m a s s  s p e c t r u m  a r o u n d  2.1 
GeV wai ts  for  c o n f i r m a t i o n  by o t h e r  e x p e r i m e n t s .  

THE TOTAL TWO-PHOTON CROSS SECTION. The m e a s u r e d  r e s o n a n c e s  a re  a p p r o x i -  
m a t e l y  in  a g r e e m e n t  wi th  the  e s t i m a t e d  c o n t r i b u t i o n s  f r o m  lead ing  Regge t r a j e c -  
tor ies .  Some i n c o n s i s t e n c i e s  b e t w e e n  s u m  r u l e  r e s u l t s  for  r e s o n a n c e  p r o d u c t i o n  
by two p h o t o n s  a n d  the  now ava i l ab le  m e a s u r e m e n t s  have  b e e n  p o i n t e d  out .  
F u t u r e  a n a l y s e s  of the  to t a l  c ross  s e c t i o n  will show w h e t h e r  t he  e x p e r i m e n t a l  
p r o b l e m s ,  which  have  b e e n  e n c o u n t e r e d  in  t he  p a s t  with u n f o l d i n g  t he  Wvi, d i s -  
t r i b u t i o n ,  c a n  be ove rcome .  

I a m  i n d e b t e d  to m a n y  col legues  for  v a l u a b l e  d i s c u s s i o n s  a n d  s u p p o r t  in  p r e p a r -  
ing th i s  ta lk .  In p a r t i c u l a r ,  I w a n t  to m e n t i o n  here :  H.J .Behrend,  Ch.Berger,  
S.Cooper, E,Hilger, RKellogg,  L.KSpke, H.Kiick, J.Olsson, W.Wagner, R.Wedemeyer,  
N.Wermes a n d  MWollstadt .  I would like to t h a n k  t he  o r g a n i z e r s  of the  workshop  
for  a n  e x t r e m e l y  p l e a s e n t  a t m o s p h e r e  in a n d  a r o u n d  the  workshop .  
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DISCUSSION 

Q: Ch.Berger (Aachen): You said, ¢~OT is not known yet, i.e. the PLUTO experiment 
is wrong. Does this statement come from a new analysis or new experimental 

facts ? 
A: H.K: I concluded that the cross section below 2 GeV is not yet known. I cannot 

prove that the PLUTO experiment is wrong, but I think PLUTO cannot prove 
that their result is right. 

C: Ch.Berger (Aachen): One can get rid of false experiments in two ways: a) find- 
ing a bug in the analysis, b) presenting a new and better experiment but not 

by digging out an old experiment which is in every respect worse than the 

PLUTO experiment. 
A: H.K.: One should also be allowed to criticize an experiment if one finds prob- 

lems in the analysis. We want to learn to do better. 

Q: J.Kovacs (Paris): On Greco's superconvergent sum rules which I discussed in a 
parallel session: The expression assumes resonance saturation and this is 
obviously not true if you look at the CELLO results of dipions in the fo region. 

But is it possible to theorists to formulate another expression relating cross 

sections with helicity 2 and 0 and taking into account the continuum? 
C: P.Singer (Technion): I would like to make two remarks: I) From the small 

ratio of the TT-,p+p - versus 77-~p°p ° it is too early to conclude that a certain 
model, like the four-quark model, is successful. There are several models 
anticipating this effect, some which you have not mentioned. For instance, 

exchange in TT-*p°p ° was calculated by using the experimental P-~77 width by 
C.Schmidt from ETH (unpublished) and I understand this could be a signif- 

icant contribution. 
2) You mentioned trouble with sum rules in relation with T-*?, 7 widths. It 

seems to me that this is specific to superconvergent 77 scattering sum rules 
(due to Greco and Grassberger and K6gerler). However, there is no similar 

problem if one considers the pseudoscalar meson - photon scattering ampli- 
tudes, from which the correct A2, f0 f, _~ 7T widths were derived. I discussed 

this topic in the theoretical session. 
Q: S.Brodsky (Stanford): Have you compared the 77-*p°p ° data with the QCD pre- 

diction at large mass ? The QCD predictions give significantly larger cross 

sections for pp compared to ~ and have definite p-helicity and angular 

behaviours. 
A: H.K: As far as I know that has not yet been done. 
Q: U.Maor (Tel-Aviv): Concerning the 3,?,-*p°p ° data, I think that the first question 

to be asked is if the threshold enhancement observed is particular to 77 or 
just a phenomenon compatible with the rest of our knowledge on two-body 
cross sections near threshold coupled with the particular 77 kinematics. The 
conclusion of Alexander, Williams and myself is that apparently the pop° 

enhancement does not require any "exotic" explanation. In general, I suggest 
that data analysis advocating some "new physics" explanation should secure 

that the ratio of the "new physics" signal to the "old phYSiCS" background is 
good enough to make such an analysis sensible. 

A: H.K.: I do not think that relating the p°p° production to other processes via 

VMD-Regge helps one to understand the underlying physics of the effect. 
Q: B.Stella (Rome): Could you comment somewhat more on the 2.1 GeV effect? I 

think that TASSO has now enough statistics to show some dynamical effect, 
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A: 

l ike angu l a r  dependences ,  in o rde r  to exc lude  the  i n t e r p r e t a t i o n  of 2.1 be ing  a 
k i n e m a t i c a l  (?) effect .  
H.K.: The ana lys i s  of the  na r row s t r u c t u r e  a r o u n d  2,1 GeV inc ludes  all the  d a t a  
TASS0 co l l ec t ed  up to  s u m m e r  82. The angu l a r  d i s t r i b u t i o n s  do no t  show any 
spec ia l  behav iour  in the  s ignal  region.  There is one p r o p e r t y  which s e e m s  to 
d i s t ingu i sh  the  s ignal  f rom background :  The events  in the  s ignal  r eg ion  look 
f l a t t e r  t h a n  the  events  in the  s idebands .  Monte Carlo s tud ies  showed t h a t  th is  
behav iou r  is e x p e c t e d  if the  s ignal  is p r e d o m i n a n t l y  due to four  pion p h a s e  
space  p r o d u c t i o n  r a t h e r  t han  p°p°. It has  also been  checked  t h a t  t h e r e  a re  no 
obvious s ignals  in o t h e r  channe l s  (but  u p p e r  l imi t s  have no t  ye t  been  eva lu -  
a ted) .  


