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Abrtraa A s imp le  phenomenological model f o r  p ro ton- pro ton  c o l  l i s i o n s  i s  
proposed i n  v iew o f  i t s  d i r e c t  a p p l i c a t i o n  t o  nu í leus -nuc leus  h i g h  en- 
ergy r e a c t i o n s .  The fo rma l i sm combines the  f o r m a t i o n  o f  f i r e - b a l l s  v i a  
t h e  space- t ime development o f  a  n o n- p e r t u r b a t i v e  f i r e - t u b e  o f  e x c i t e d  
vacuum, and t h e  subsequent f i n a l  hadron p r o d u c t i o n  through the  decay o f  
these f i r e - b a l l s .  Specia l  a t t e n t i o n  has been p a i d  t o t h e t r e a t m e n t o f t h e  
d i f f r a c t i v e  d i s s o c i a t i o n  process i n  o r d e r  t o  p r o ~ e r l y  i n c l u d e  Iead ing  
p a r t i c l e  e f f e c t s .  Resu l t s  o f  t h i s  model a r e  comp3red w i t h  exper imenta l  
19.6 GeV p-p da ta .  The l e a d i n g  p a r t i c l e  spec t ra  i s  s u c c e s s f u l l y  repro-  
ducedin the  p resen t  t rea tment .  

1. INTRODUCTION 

Recent developments o f  h i g h  energy heavy i o n  a c c e l e r a t o r  tech-  

nology opened severa1 f a s c i n a t i n g  perspec t i ves  i q  Nuclear Physics.  One 

o f  t h e  main o b j e c t i v e s  i n  t t r i s  f i e l s  i s  t o  o b s e r ~ e  t h e  Q C D  phase t r a n -  

s i t i o n  o f  hadron m a t t e r  t o  a quark- gluon plasma. I f  r e a l i z e d ,  i t  w i l l  

c o n s t i t u t e  an a lmost  d i r e c t  c o n f i r m a t i o n  o f  the  theory o f  QCD. 

I n  o r d e r  t o  be a b l e  t o  per fo rm t h e o r e t i c a l  s t u d i e s o n  t h i s  sub- 

j e c t ,  i t  i s  e s s e n t i a l  t o  c l a r i f y  the dynamics o f  r n u l t i - p a r t i c l e  produc- 

t i o n  d u r i n g  t h e  process o f  nuc leus-nucleus c o l l i s i o n .  

The study o f  p a r t i c l e  p r o d u c t i o n  i n  hadron- h a d r o n  c o l  l i s  i o n  

processes has a l r e a d y  a long h i s t o r y ,  and many r h e o r e t i c a l  models have 

b e e n  p r o p ~ s e d ' - ' ~ .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  o n e  o f  t h e  

e a r l i e s t  o f  these models, t h e  hydrodynamical approach, has been r e c e n t l y  

Cyevived i n  t h e  l i g h t  o f  QCD concepts and t h e  r e l a t e d  quark-g luon s t r u c -  

t u r e  o f  h a d r ~ n s ' ~ " ~  . l h i s  i s  because the hydrodynamical t r e a  t m e n t  i s  

-suppor ted by FINEP and CNPq ( ~ r a z i l i a n  Government Agencies).  
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one o f  few t h e o r e t i c a l  schemes which descr ibe  e x p l i c i t l y  t h e  space-time 

development o f  t h e  m u l t i p l e  p roduc t ion  mechanism. T h i s  c o n s t i t u t e s  the 

b a s i c  advantage o f . s u c h  an approach i n  t h e  study o f  nuc leus-nuc leusco l -  

l i s i o n s  as compared t o  d e s c r i p t i o n s  which deal o n l y  w i t h  a s y m p t o t i c  

f i n a l  s t a t e s ,  i . e . ,  those t h a t  use t h e  S- mat r i x .  The reason f o r  t h i s  i s  

t h a t  i n  a nucleus-nucleus c o l l  i s i o n  tha many s u c c e s s  i v e  i n t r a n u c l e a r  

c o l l i s i o n s  t h a t  take  p lace  a r e  n o t  amenable t o  a d e s c r i p t i o n  based on 

the  o n- s h e l l  S- mat r i x .  

Un fo r tuna te ly  the hydrodynamical model i s  u s u a l l y  too  complex t o  

be appl  i e d  d i r e c t l y  t o  r e c o n s t r u c t i n g  t h e  whole process o f  a n u c l  e u s -  

-nucleus c o l l i s i o n  on t h e  b a s i s  o f  nucleon-nucleon c o l l i s i o n s .  One pos- 

s i b l e  way t o  bypass t h i s  complex' i ty i s  t o  regard t h e  nucleus, as a whole, 

as a hydrodynamical o b j e c t .  However, even by do ing  so, i t  i s  s t i l l  a 

compl icated problem t o  inc lude  t h e  nuc lear  f i n i t e  s i z e  e f f e c t s .  Momre 

i m p o r t a n t l y ,  nuc lear  ground s t a t e  c o r r e l a t i o n s  as w e l  l as a s s o c i a  t e d  

f l u c t u a t i o n  e f f e c t s  a r e  l o s t  i n  t h i s  k i n d  o f  t reatment .  

Besides t h e  hydrodynamical approach, t h e r e  e x i s t s  another  t ype  

o f  model which descr ibes  the  space- t ime development o f  h a d r o n - h a d r o n  

c o l l i s i o n s .  The phenomenological r e l a t i v i s t i c  s t r i n g  model i s  such a 

type. The s imp les t  v e r s i o n  o f  the  s t r i n g  rnodel  i s  t h e  Yo-Yo mo de^''^. 
Al though t h i s  model has l e s s  f i r m  t h e o r e t i c a l  background, i t  has some 

l a r g e  advantages f o r  p r a c t i c a l  use. 

F i r s t ,  i t  f u r n i s h e s  the way t o  s imu la te  the process o f m u l t i p l e  

p a r t i c l e  p roduc t ion ,  event by event,  s t r i c t l y  conserv ing the  energy and 

momentum. Second, i t  has a ve ry  s imple mathematical s t r u c t u r e  so t h a t  

i t s  d i r e c t  a p p l i c a t i o n  t o  many-nucleon system i s  s t i l l  v i a b l e  i n  prac-  

t i c e .  

The a p p l i c a t i o n  o f  t h e  r e l a t i v i s t i c  Yo-Yo model t o  t h e  quark 

f ragmentat ion processes in e-: anni  h i  l a t  i o n  i s  found t o  be s u c c e s s f ~ l ,  and 

there  e x i s t  severa1 s o p h i s t i c a t e d  c a l c u l a t i o n s  on t h i s  t y p e o f  t t teanaly- 
- 2 , 1 6 - 1 9  

s i s  o f  e-e j e t s  

There a l r e a d y  e x i s t  some t h e o r e t i c a l  models which a r e  based on 

the  s t r i n g  mechanisrn f o r  fragmentat i o n  processes i n  hadron-hadron c o l -  

l i s i o n s .  However, i t  seems t o  us wor thwh i le  t o  exp lo re  f u r t h e r  t h e  

above mentioned advantages o f  the r e l a t i v i s t i c  Yo-Yo m o d e l  i n  t h e  
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phenomenological d e s c r i p t i o n  o f  the  p ro ton- pro ton  c o l l i s i o n .  I t  i s  es- 

s e n t i a l  t o  keep t h e  s i m p l i c i t y  and the  r i g o r o u s  conserva t ion  o f  energy 

and momenta i n  elementary processes, when we extend the  model t o  t h e  

c a l c u l a t i o n  o f  c o l l i s i o n  processes between complex n u c l e i .  

When we consider  t h e  a n a l y s i s  o f  nuc leus-nucleus c o  l l i s  i o n s ,  

the  f o l l o w i n g  bas ic  c h a r a c t e r i s t i c s  o f  p ro ton- pro ton  processes should 

c o r r e c t l y  be taken i n t o  account :  

1) M u l t i p l  i c i t y  d i s t r i b u t i o n  

2 )  R a p i d i t y  d i s t r i b u t i o n  

3 )  Transverse momentum d i s t r i b u t  i o n  

4 )  Leading p a r t i c l e  spec t ra  

I n  t h i s  paper, we extend the r e l a t i v i s t i c  Yo-Yo model t o  the 

p ro ton- pro ton  c o l l i s i o n  process which reproduces the above mentioned 

observed f e a t u r e s  o f  m u l t i p l e  p roduc t ion ,  w i t h o u t  l o s i n g  t h e  s i q p l i c i t y  

o f  t h e  model. I n  p a r t i c u l a r ,  w i t h  respect  t o  the  l e a d i n g  p a r t i c l e  

phenomena, i t  i s  impor tant  t o  n o t e  t h a t  t h e r e  e x i s t s  a s i g n i f i c a n t  con- 

t r i b u t i o n  f rom t h e  d i f f r a c t i v e  process. Th is  l a s t  p o í n t  í s  t h e  most es- 

s e n t i a l  one f o r  our  f u t u r e  purpose, i . e . ,  t h e  study o f  nuc leus-nucleus 

processes, s i n c e  i t  d i r e c t l y  a f f e c t s  t h e  nuc lear  t ransparency.  One o f  

the  main purpose o f  t h i s  work i s  t o  extend the  model t o  s imu la te  such a 

d i f f r a c t i v e  process which u s u a l l y  i s  n o t  considered.  

2. EFFECTIVE FIRE-TUBE MODEL 

I n  t h i s  work we take  the  one dimensional s t r i n g  rnechanisrn as 

t h e  b a s i c  phenomenological p i c t u r e  f o r  t h e  space- t ime developmentof  the  

hadron f ragrnentat ion process i n  p ro ton- pro ton  c o l l i s i o n s .  We s u p p o s e  

t h a t ,  when two p ro tons  c o l l i d e ,  they t rans fo rm themselves i n t o  co loured  

o b j e c t s  due t o  t h e  exchange o f  t h e i r  sea quarks (an t i - quarks ) .  Then, 

such two reced i n g  co loured  o b j e c t s  ' genera te  a nonper turbat  i ve c  h romo-  

e l e c t r i c  f l u x  c o n f i n e d  i n  the t u b e - l i k e  volume between them3. Namely, 

a f t e r  c o l l i s i o n ,  t w o e x e i t e d p r o t o n s  rush  i n  o p p o s i t e  d i r e c t i o n s ,  

fo rm ing  a f i r e - t u b e  o f  e x c i t e d  vacuum between them. I n  o u r  t r e a t m e n t  

t h i s  f i r e - t u b e  i s  regarded as a s i n g l e  e f f e c t i v e  one-dimensional s t r i n g  

(see f i g .  I ) .  
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F ig .1  - F i r e - t u b e  fo rmat ion  i n  p ro ton- pro ton  c o l l i s i o n  
f o r  a  g iven  impact parameter b .  

We s t a r t  w i t h  t h e  Hami l ton ian f o r  the  e f f e c t i v e  s t r i n g ,  f o r  

g i v e n  impact parameter b ,  g iven  by 

where ( x , , ~ , )  and ( ~ 2 , ~ ~ )  a r e  t h e  c o o r d i n a t e  and momenta o f  t h e  two 

massive s t r i n g  end p o i n t s  which c a r r y  a11 the  p r o t o n  mass. ' e f f  i s 
r e l a t e d  t o  the over lapp ing  area Ab o f  two p r o t o n  bags as 

where E i s  t h e  mean energy d e n s i t y  o f  t h e  f i r e - t u b e ,  and 
o 

where Z = b/2R w i t h  R t h e  r a d i u s  o f  t h e  p r o t o n  bag. 

The mot ion  o f  the massive end p o i n t s  i s  desc r ibed  by the  hy- 

perbolae2 i n  x-t p lane  

m 
x - x  f - (t-tfI2 = [L] 

('e f f 

where t h e  cons tan ts  o f  i n t e g r a t i o n  x and t can be chosen as 
f f 

and >L; i s  the  t o t a l  c.m. energy. The h y p e r b d a e  has, a s y m p t o t e s ,  the  

s t r a i g h t  t r a j e c t o r i e s  corresponding t o  massless p a r t i c l e  m t i o n s 2 .  
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Dur ing the  s t r i n g  e v o l u t i o n ,  the  f i r e - t u b e  i s  expected t o  snap 

caused by a  spontaneous c r e a t i o n  o f  quark- an t iquarks  p a i r s  o f  s p e c i f i c  

c o l o r  combinat ion, o r i g i n a t i n g  new c o l o r l e s s  s u b- s t r i n g s  whichcan break 

up f u r t h e r  i n t o  sma l le r  s u b- s t r i n g s .  We assume t h a t  these ,< p a i r s  a r e  

produced w i t h  a constant  p r o b a b i l i t y  d e n s i t y  

For s i m p l i c i t y ,  we n e g l e c t  the  masses o f  quarks ( a n t i q u a r k s )  

and t h e i r  p o s s i b l e  fe rm i  mornenta a t  t h e  i n s t a n t  o f  p a i r  p roduc t ion .  I n  

t h i s  way, the  o r i g i n a l  f i r e - t u b e  between two e x c i t e d  p ro tons  develops 

i n t o  a  c o l l e c t i o n  o f  s u b- s t r i n g s  which l i n k  a  c o r r e l a t e d  q-q p a i r ,  o r  

quark ( a n t i q u a r k l - c o l o u r e d  rnassive end p o i n t  ;(c). However i t  i s  n o t  

reasonable t o  assume t h a t  the  above decay cha in  c3n t inue  i n d e f i n i t e l y .  
- 

A f t e r  some t ime, t h e  break-up mechanism o f a  s u b- s t r i n g  due t o  (qq )  p a i r  

c r e a t i o n  w i l l  be dominated by another  s t a t i s t i c a l  decay mode.Therefore, 

a t  the  end o f  i t s  e v o l u t i o n ,  a  s u b- s t r i n g  i s  regarded as a  s t a t i s t i c a l  

o b j e c t  ( f i r e - b a l l )  r a t h e r  than a  one dimensional s t r i n g .  Here we assume 

t h a t  a  f i r e - b a l l  s t a t e  i s  always formed whenever a  s u b- s t r i n g  does not  

break b e f o r e  t h e  t ime o f  i t s  maximurn c o n t r a c t i o n .  F o r a  f i re-ba11 assoc i -  

a t e d  t o  a  p a r t i c u l a r  q . q .  p a i r ,  i t s  rnass M i s  r e l a t e d  t o  the  p o s i t i o n s  
2 3 

o f  i and j quarks as  
f 

- 
so t h a t  (M /Kef f )  corresponds t o  the rnaxirnurn d i  stance between q ,  and q . 

f L c? 
i n  t h e i r  C.M. system. I n  eq. (2 .61,  (zi,ti), ( r j . t ' )  are,  r e s p e c t i v e l y ,  

space- t ime coord ina tes  o f  i - q u a r k  and j - q u a r k  a t  t h e  i n s t a n t  o f  t h e  
- - 

c r e a t i o n .  The same r e l a t i o n  ho lds  f o r  t h e  f i r e - b a l l  forrned by 

F i g .  2a shows a  f i r e - b a l l  formed by a  qq p a i r  i v  i t s  own CM and f i g .  2b 

shows a  f i r e - b a l l  a f t e r  Lo ren tz  boost w i t h  v e l o c  t y  i? r e l a t i v e  t o  the  

o r i g i n a l  CM. The maximurn r e l a t i v e  d is tance  (xl-r,) i s c o n t r a c t e d  t o  

( x , - x ~ ) / ~  and t h e  t ime d i l a t e d  t o  T' = ,?y. 

I n  o u r  c a l c u l a t i o n s  we irnpose the  f o l l o w i n g  mass t h r e s h o l d  f o r  

f i r e - b a l l s  
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Fig.2a-- F i r e - b a l l  formed 
by a q q  p a i r  i n  i t s  own 
CM. The hatched area cor-  
responds t o  the space- 
- t ime development o f  f i r e  
-bal 1 when quarks possess 
a  f i n i t e  mass. 

Fig.2b - The same as 2a 
a f t e r  Lorentz boost w i t h  
v e l o c i t y  r e l a t i v e  t o  
the o r i g i n a l  CM. 

i > Mth = 2ma f o r  q; 

and 

where ma and m are the  masses o f  pions and proton, respect ive ly .  That 
P 

i s ,  the  p r o b a b i l i t y  dens i ty  f o r  spontaneous qq p a i r  c rea t i on  i s  n u l l  

i n  the area o f  the x-t plane where the above cond i t ion  i s  not  sa t i s f i ed .  

Fig.  3 shows the space-time evo lu t i on  o f  f i r e - b a l l s  i n  the CM 

o f  the proton-proton co l  l i s i on .  These f i re- ba l  1s then decay i n t o  f i n a l  - 
- s t a t e  hadrons. 

I n  the present treatment, we assume a  pure ly  s t a t i s t i c a l  deca,y 

mode o f  these f i r e - b a l l s  i n t o  hadrons, mainly f o r  t h e  sake  o f  s i m -  

p l i c i t y .  As f i n a l  product hadrons, we on ly  consider pions, except f o r  

protons from the f i r e - b a l l s  a t  the two end po in ts  o f  the o r i g i n a l  f i r e -  

-tube ( leading p a r t i c l e s ) .  The momentum d i s t r i b u t i o n  o f  s t a t e  f i n a l  

hadrons i s  then ca lcu la ted as a  convolut ion o f  the i s o t r o p i c  phase -  

-space momentum d i s t r i b u t i o n  o f  each f i r e - b a l l  decay i n  t h e i r r e s t f r a m e  

and the  long i tud ina l  momentum d i s t r i b u t i o n  of f i r e - b a l l s a c q u i r e d  through 

the f i r e - t u b e  fragmentation rnechanism. I n  t h i s  way, the transverse mo- 
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Fig.3 - Space-time e v o l u t i o n  of 
t h e  f i r e - t u b e  i n  the  CM o f  pro-  
ton-proton c01 l i s i o n .  Ci, C2,  C3 
and C,, a r e  t h e  f i r e - b a l l s  which 
decay i n t o  f i n a l  h a d r o n s  i so -  
t r o p i c a l l y  i n  t h e i r  own CM. 

menta o f  f i n a l  hadrons a r e  due t o  t h e  i s o t r o p i c  jecay o f  f i r e - b a l l  i n  

t h e i r  r e s t  frame and hence fo r th ,  the  t ransverse  nomentum d i s t r i b u t i o n  i s  

e s s e n t i a l l y  determined by the  mass d i s t r i b u t i o n  a f  f i r e - b a l l s .  

I t  i s  a  r e l a t i v e l y  easy rnatter t o  c a l c u l a t e  t h e  r a p i d i t y  d i s -  

t r i b u t i o n ,  t h e  t ransverse  momentum d i s t r i b u t i o n  and t h e  lead ing  p a r t i c l e  

spec t ra  us ing  t h e  Monte-Carlo procedure, which i s  b r i e f l y  exp la ined  i n  

sec. 4 .  I n  t h e  nex t  sec t ion ,  we extend t h e  above scheme t o  i n c l u d e  d í f -  

f r a c t i v e  processes which have impor tant  e f f e c t s  on l e a d i n g  p a r t i c l e  

spect r a .  

3. DIFFRACTIVE INELASTIC PROCESS 

One o f  t h e  t rends  found i n  h i g h  energy hadronic  r e a c t i o n s ,  i n  

whích o n l y  a few p a r t i c l e s  a r e  produced, i s  the tendency o f  these p a r -  

t i c l e s  t o  ga ther  i n t o  two s e t s ,  each s e t  moving prodorninantly i n  the  

d i r e c t i o n  o f  the i n c i d e n t  p a r t i c l e s .  The p r i n c i p a l  f e a t u r e s  o f t h i s  p r o -  

cess a r e  the  s t r o n g l y  forward-peaked d i f f e r e n t i a l  c ross- sec t ions ,  t h e i r  

slow v a r i a t i o n  w i t h  energy, t h e  h i g h  lead ing  p a r t  i c l e  l o n g i  t u d  i n a l  

momenta (>0 .8 -o f  i n i t i a l  rnoment) and the  r e l a t i v e l y  low m u l t i p l i c i t y e  

cornpared t o  t h e  mean m u l t i p l i c i t y  o f  a l l  events a t  t h e  same i n c i d e n t  

energy. At  h i g h  energ ies the  exper imenta l  i n e l a s t i c  s i n g l e  d i f f r a c t i v e  

c ross- sec t ion ,  a f o r  p ro ton- pro ton  r e a c t i o n s ,  i s  about 2 0 %  i n t h e  DI 
t o t a l  i n e l a s t i c  c ross  s e c t i o n  o 'O 

I' 
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P a r t i c u l a r l y ,  f o r  ou r  f u t u r e  purpose o f  s t u d y i n g u l t r a - r e l a t i v -  

i s t i c  nuc lear  c o l l i s i o n s ,  f a s t  d i f f r a c t í v e  fragments seemtohave an irn- 

p o r t a n t  r o l e  wi t h  respect  t o  t h e  nuc lear  t ransparency phenomena21 arid, 

consequent ly ,  t o  t h e  amount o f  t h e  energy d e n s i t y  and ternperature o f  

hadron mat te r  accessed by t h e  r e a c t i o n .  Therefore,  i t  i s  e s s e n t i a l  t o  

inc lude  such a mechanism i n  o u r  t reatment .  

We s h o u l d c o n s i d e r  then t h e p o s s i b i l i t y  f o r  t h e  f o l l o w i n g  

s i n g l e  d i f f r a c t i v e  r e a c t i o n s  

where X i s  an e x c i t e d  hadron w j t h  t h e  same i n t r i n s i c  quantum numbers as 

those o f  t h e  p ro ton ,  i .e . ,  p and X d i f f e r  o n l y  i n  t h e i r  mass and s p i n  

. con ten t .  O f  course such a d i f f r a c t i v e  process has a quantum mechanical 

o r i g i n ,  w h i l e  the  s t r i n g  p i c t u r e  represents r a t h e r  the  c l a s s i c a l  aspesct 

o f  t ime  development o f  t h e  system. However, we s t i l l  can s i m u l a t e  sumch 

a d i f f r a c t i v e  p a r t  by t h e  same mechanism o f  s t r i n g  break-up i f  an ap- 

p r o p r i a t e  c r i t e r i o n  i s  used. As i n  t h e  d i f f r a c t i v e  process t h e  momentum 

t r a n s f e r  i s  srnal l ,  we a s s o c i a t e  such a phenomena t o  a s t r i n g  breaking 

process a t  the  e a r l i e r  s tage o f  t ime  development. 

I n  our  model, we i n t r o d u c e  a d i f f r a c t i v e  t ime  s c a l e  i n  such a 

way t h a t  those events which occur  f o r  t ime  s m a l l e r  thanTDarecons idered  

d i f f r a c t i v e .  I n  t h i s  case, i t  occurs  t h a t  one o f  the  p ro tons  e m e r g e s  

w i t h  the  corresponding momentum P>PD - (t -T ) and the  r e s i d u a l  ex- - K e f f  f D 
c i t e d  hadron run  i n  t h e  opposi t e  d i  r e c t  i o n  ( f  i g .  4 ) .  

F ig .4 - D i f f r a c t i v e  process f o r  t h e  case 

P+P ' P+X 
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I n  p r a c t i c e ,  we d è f  i n e  the  d í f f r a c t i v e  r e g i o n  as t h e  area o f  

the  z-t p lane  bounded by c and 2 t r a j e c t o r i e  and t = T D. We a l s o  i n -  

t roduce t h e  d i f f r a c t i v e  p r o b a b i l  i t y  d e n s i t y  dPD/dz a l o n g  t h e  c(:) 

t r a j e c t o r y .  The p r o b a b i l i t y  P f o r  a  d i f f r a c t i v e  process t o  take p lace  
0 

i s  g i ven  by 

We f i r s t  a s s i g n  one p a r t i c u l a r  event  as d i f f r a c t i v e  o r  n o n - d i f -  

f r a c t i v e  accord ing t o  t h e  p r o b a b i l i t y  PD. I f  the  event  t u r n s  o u t  t o  be 

d i f f r a c t i v e ,  we randomly choose one v a l u e  o f  t i n  the  i n t e r v a l  t O < t < ~ r ,  
" 

where to  i s  t h e  i n i t i a l  t ime  f o r  t h e c  and c t r a j e c t o r i e s ,  g i v e n  by 

Otherwise, the  event  i s  considered t o  develop as a n o n - d i f f r a c t i v e  pro-  

cess f o r  t>-r D' 
I n  t h i s  way t h e  two d i f f e r e n t  p r o b a b i l i t i e s  PD andP can simu- s 

l a t e  the  compet i t ion.between d i f f r a c t i v e  and n o n - d i f f r a c t i v e  plenomena. 

The t ime -r can be es t imated  i f  we cons ider  t h a t  the  d i f f r a c t i v e  leading 
D 

p a r t i c l e  momentum p  i s  p  5 0 .8  p  where p o  - &/2 i s  t h e  i n c i d e n t  p ro -  
o '  

ton  momentum 
-Xef (TD-tf 

E = - 0.8  . 
p ,  &/2 

We have 

where <Keff> i s t h e  rnean va lue  o f  K ( b ) ,  averaged over  a11 va lues  o f  
e f  f 

t h e  impact parameter b.  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  behaviour  o f  t h e  l e a d i n g  

p a r t i c l e  spec t ra  near ~ ( = p / ~ , )  equal t o  u n i t  i s  g i v e n  by 
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4. MONTE CARLO PROCEDURE 

F i r s t ,  t h e  impact parameter b f o r  t h e  p ro ton- pro ton  c o l l i s i o n  

i s  randomly chosen accord ing  t o  the  p r o b a b i l  i t y  P ( h )  db bdk between 

t h e  va lues  corresponding t o  t h e  minimum and maximum o v e r l  l a p  i n g  area 

A b ,  i . e . ,  O<b<2R. As exp la ined  i n  sec. 2, we have, f o r  a  g iven  impact 

parameter b ,  a s i n g l e  e f f e c t i v e  one dimensional s t r i n g  w i t h  a cons tan t  

a t t r a c t i v e  tens ion  K = E A and i t s  space- t ime e v o l u t i o n  i s  descr ibed  
e f f  O b 

by t h e  Hami l ton ian ~ ( b )  eq. (2 .1 ) .  T h i s  space- t ime e v o l u t i o n  i s  fo l l owed 

n u m e r i c a l l y  by t h e  Monte C a r l o  method. 

A f t e r  averaging over  a number o f  c o l l i s i o n s  s u f f i c i e n t l y  h i g h  

t o  o b t a i n  s t a t i s t i c a l l y  s t a b l e  r e s u l t s  cover ing  t h e  whole impact par-  

ameter va lues,  we get  i n c l u s i v e  q u a n t i t i e s  t o  be compared w i t h  t h e  ex-  

per imenta l  data.  

4.1 - Space-time E v o l u t i o n  - S t r i n g  Fragmentat ion and F i r e - B a l l  Decay 

Once t h e  e f f e c t i v e  Hami l ton ian  ~ ( b )  i s  d e f i n e d  f o r a  p a r t i c u l a r  

impact parameter b ,  we f o l l o w  up t h e  s t r i n g  f r a g m e n t a t i o n  mechan i , sm 

caused by spontaneous c r e a t i o n  o f  quark- an t iquark  p a i r s .  To do t h i s ,  we 

f i r s t  d i v i d e  the  t ime i n t e r v a l  T, corresponding t o  the  t ime f o r  maximum 

e l o n g a t i o n  o f  t h e  i n i t i a l  c-: s t r i n g ,  i n t o  N i n t e r v a l s ,  A t  = TIN. We 

a l s o  d e f i n e  t h e  t ime .r which corresponds t o  t h e  s t a r t i n g  t ime  f o r  t h e  
D 

n o n - d i f f r a c t i v e  process ( f  i g .  4 ) .  Then, i n  o r d e r  t o  p r o c e d u r e  quark- 

- a n t i q u a r k  p a r t i c l e s  a t  d i f f e r e n t  space- t ime p o i n t s  we proceed as f o l -  

lows : 

For t h e  i - t h  t ime  s t e p  t = t + A t . i  we cons ider  a s t r i p  :; 
i D i 

o f  w i d t h  

where x - ( t )  and x  ( t )  .are the  t r a j e c t o r i e s  o f  two co loured  end p o i n t s ,  
-C C 

c and c. They a r e  g iven  by 
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and where t h e  t ime t i s  rneasured f rom t h e  i n s t a n t  o f  c o l l i s i o n .  

Then, we randomly generate i n s i d e  t h e  s t r i p  the coord ina tes  

( s , t )  o f  b reak ing  p o i n t ,  accord ing  t o  the  probabi  l i t y  

f o r  qiqi p a i r  p roduc t ion .  These q . q  p a r t i c l e s  a r e  c rea ted  wi t h  ze ro  z i 
momenta and a f te rwards  run i n  o p p o s i t e  d i r e c t i o n s  w i t h  the speed o f  

- - 
l i g h t  and inc reas ing  momenta. The l i n k s  between cii-e and qi-c cangen- 

e r a t e  f i r e - b a l l s  w i t h  rnass M >m o r  o therw ise  s tay  as s u b - s t r i n g s ,  
f P' 

which may break a t  a  l a t e r  t ime.  

The l a t t e r  case occurs o n l y  i f  the  i n v a r i a n t  mass o f  the  sub- 

s t r i n g  i s  g r e a t e r  t h a n  t h e  f i r e - b a l l  mass th resho ld  M t h '  
When a s u b- s t r i n g  i s  produced another  q i 4 ;  p a i r  w i l l  be c r e -  

V 

ated  by t h e  same procedure; the  q .-Q and q? .-q inks can generate new 
j 2 3 

f i r e - b a l l s  w i t h  mass M >M eq . (2 .7 )  o r  e l s e  new sub- s t r ings  which w i l l  
f t h  

break f u r t h e r .  

The above procedure i s  con t inued  u n t i l  o n l y  f i r e - b a l l s  rernain. 

4.2 - F i r e - b a l l  decay 

As the  l a s t  s tage t o  o b t a i n  f i n a l  hadrori d i s t r i b u t i o n s ,  wernust 

c a l c u l a t e  the  f i n a l  hadron s t a t e s  f o r  each f i r e - b a l l  decay. Thesehadron 

f i n a l  s t a t e s  a r e  convoluted over  t h e  f i r e - b a l l  mas d i  s t r  i b u t  i o n  r e -  

s u l t e d  from t h e  s t r i n g  f ragmenta t ion .  As mentioned be fo re ,  we assume a 

s t a t i s t i c a l  decay mode accord ing  t o  the a v a i l a b l e  phase-space o f  decay 

p a r t i c l e s .  F i r s t ,  we c a l c u l a t e  the  r n u l t i p l i c i t y  d i s t r i b u t i o n  as a func-  

t i o n  o f  M For t h a t ,  t h e  p r o b a b i l i t i e s  f o r  a  f i r e - b a l l  w i t h  M todecay  f' f 
i n t o  n - p a r t i c l e s  w i t h  equal masses m a r e  c a l c u l a t e d  by 
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and t h e  average m u l t i p l i c i t y  w i l l  be 

The f i n a l  momenta o f  hadrons a r e  

( 4 . 7 )  

generated randomly accord ing 

t o  t h e  phase-space22. Here, the angular  d i s t r i b u t i o n  o f  hadrons due t o  

f i r e - b a l l  decays i s  assumed t o  be i s o t r o p i c  i n  i t s  r e s t  frarne. 

4 .3  - Charge D i s t r i b u t i o n  

I n  o r d e r  t o  a t t r i b u t e  t h e  charge d i s t r i b u t i o n  t o  th'e f i n a l  

p a r t i c l e s ,  i t  i s  necessary t o  e s t a b l i s h  the p r o b a b i l i t y  d i s t r i b u t i o n  o f  

charged p ions f o r  a g i v e n  f i r e - b a l l  decay. We take  here a ve ry  s i m p l i -  

f i e d  e x p r e s s i o n Z 3 ,  assurning t h a t  a l l  t h e  f i r e - b a l l s ,  except f o r  those 

c o n t a i n i n g  t h e  o r i g i n a l  protons,  have n u l l  i sosp in .  For o f  f i r e - b a l  l 

which c o n t a i n s  a p ro ton ,  we assume t h a t  the p r o b a b i l i t y  f o r  the  p r o t o n  

t o  lose  i t s  charge i s  equal t o  1/2. I n  t h e  case t h a t  c h a r g e  t r a n s f e r  

occurs,  we s imply  add one u n i t  charge t o  the  charged p ion  d i s t r i b u t i o n  

d e t e r r n i n e d  D y  t h e  z e r o  i s o s p i n  c a s e .  

5. RESULTS AND DISCUSSION 

We show i n  f i g s .  5-8 the  r e s u l t s  o f  ou r  p r e l  i rninary c a l c u l a t i o n  

compared t o  the  exper imenta l  r e s u l t s  f o r  i n c i d e n t  e n e r g y  6 = 1 9 . 6  
G e " 2 4 - 2 7  . As seen frorn these f i g u r e s ,  o u r  rnodel p r o v i d e s ,  a t  l e a s t  

phenomenological ly,  a reasonable d e s c r i p t i o n  o f  p ro ton- pro ton  process. 

P a r t i c u l a r l y  t h e  lead ing  p a r t i c l e  e f f e c t ,  i n c l u d i n g  i t s  d i f f  r a c t  i v e  

c h a r a c t e r i s t i c s  i s  w e l l  reproduced. 

The parameters taken here a r e  presented i n  the  t a b l e  below 
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i = 19.6  GeV 

CN>'  
EXP 

<N> 
CAL 

F i g . 5  - N o r m a l  i z e d  mul t i -  
p l i c i t y  d i s t r i b u t i o ~  o f  
charged p a r t i c l e s  < r < - ,  as a 
f u n c t i o n  o f  t h e  KNO s c a l  i n g  
v a r i a b l e  2 = ~ / < n > .  The d a t a  
( f u l  l c i r c l e s )  a r e  f r o m  r e f .  
2 4 .  The c u r v e  i s  t h e  p r e s e n t  
r e s u l  t .  

I 

2 

* \ 
1 

o- \ 

i 
8) 
-10 

I o 

o. 

Ji = 1 9 ' 6  GeV - F i g . 6  - Charged p a r t c l e  rap-  

i i d i t y  c i i s t r i b u t i o n  f o r  pp s c a e  

'\ 
I t e r i n g .  The d a t a  ( f u i  l c i r c l es )  

a r e  f r o m  r e f .  25. The c u r v e  + 
i s  t h e  p r e s e n t  r e s u l t s .  - 
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I I - 

Fig.7 - Charged p a r t i c l e  
6 = 19.6 GeV - t ransverse  momentum d i s -  

t r i b u t i o n  f o r  pp sca t -  
t e r i n g .  The data ( f u i 1  

t\ 
c i r c l e s )  a r e  f rom re f .25 .  - The curve i s  the p resen t  

'OI- 
- 

resu l  t .  

o = 37  mb 
TOT 

Fig.8 - Leading p a r t i c l e  d i s t r i -  
b u t i o n  f o r  pp s c a t t e r i n g .  The 
data a r e  from r e f . 2 6  ( t r ian i les)  
and r e f .  27 ( f u l l  c i r c l e s ) .  The 
curve  i s  the  present  r e s u i t .  
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For s i m p l i c i  t y  t h e  t ime sca le  TD f o r  d i f f r a c t i v e  processes i s  

d e f i n e d  i n  t h e  o r i g i n a l  p - p  CM system. Apparent ly  t h i s  d e f i n i t i o n  i s  

no t  r e l a t i v i s t i c a l l y  c o v a r i a n t ,  a l though  i t  i s  a  r -e l a t i v e l y  easy mat te r  

t o  in t roduce  t h e  i n v a r i à n t  

ever  t h e  r e s u l t  would n o t  

f o r  T ~ ,  s i n c e  the  Lorentz  

t ime  i n t e r v a l  ( T  -t ) .  D o 
The energy d e n s i t  

t ime  sca le  f o r  each p r o t o n  r e s t  frame. How- 

be much a l t e r e d  except f o r  a  cons tan t  f a c t o r  

f a c t o r  o f  p ro tons  i s  almost constant  i n  t h e  

y c n  has an impor tant  r o l e  f o r  t h e  f i r e - b a l l  

mass d i s t r i b u t i o n .  The l a r g e r  the va lue  o f  E, i s ,  the  more the  heavy 

f i r e - b a l l s  a r e  formed. Th is  i s  t h e  expected t r e n d  due t o  t h e  f a c t  t h a t ,  

f o r  l a r g e r  E va lues,  the  corresponding h i g h e r  5 , t r i n g  t e n s i o n  K 
O e f f  

leads t o  a h igher  e f f e c t i v e  energy a v a i l a b l e  f o r  f i r e - b a l l  mass forma- 

t i o n .  The fo rmat ion  o f  heavy f i r e - b a l l s  has t h e  d i r e c t  c o n s e q u e n c e  i n  

the  t ransverse  momenturn d i s t r i b u t i o n  t o  r a i s e  í t s  t a i l  ( l a r g e P T ) .  

The non-di f f r a c t i v e  probabi  1 i t y  densi t y  d 2 p  /&dt a c t s  i n  the  

o p p o s i t e  d i r e c t i o n  t o  E ~ .  I n  f a c t ,  f o r  a  g iven  E,, t h e  i n c r e a s e  o f  

dLps/&dt leads t h e  s t r i n g  t o  break a t  an e a r l  i e r  s tage o f  i t s  t ime  

e v o l u t i o n  and consequently t h e  h i g h  momenta o f  the  massive end p o i n t s d o  

no t  leave much energy f o r  heavy f i r e - b a l l  fo rmat ion .  

I t  i s  wor thwh i le  t o  ment ion t h a t ,  i ns tead  o f  i t s  extreme sim- 

p l i c i t y ,  our  e f f e c t i v e  f i r e - t u b e  model g ives  a reasonable phenomenologi- 

c a l  d e s c r i p t i o n  o f  r n u l t i p l e  p a r t i c l e  p r o d u c t i o n  processes. The ca lcu -  

l a t e d  resu ts  a r e  s a t i s f a c t o r y  w i t h  respect  t o  thcse q u a n t i t i e s  wh ichare  

most impor tant  i n  the f u t u r e  a p p l i c a t i o n  o f  our  nodel t o  the  a n a l y s i s o f  

nucleus-nucleus c o l l i s i o n .  

However, i n  o r d e r  t o  app ly  o u r  model t o  the  r e l a t i v i s t i c  heavy 

r t a n t  p o i n t s  should be s tud ied  f u r t h e r .  They 

i n g  o f  the i n c i d e n t  enerqy dependence o f  the 

i o n  processes, some impo 

a re :  

i - Understand 

model parameters. 

i i  - Non- iso t rop ic  angular  d i s t r i b u t i o n  f o r  h i g h  f i r e - b a l l  mass. 

A t  s u f f i c i e n t l y  h igh  i n c i d e n t  E C M  we have a s u b s t a n t i a l  amount 

o f  massive f i r e - b a l l s  w i t h  M 4 GeV. For these f i r e - b a l l s t h e  i s o t r o p i c  f 
angular  d i s t r i b u t i o n  must f a i l Z 8 .  

T h i s  a n i s o t r o p y  may be taken i n t o  our  model i f  we i n t r a d u c e t h e  
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hydrodynamical t reatment  o f  the  heavy f i r e - b a l l  decay process. I n  the  

hydrodynamical model, i f  t h e  i n i t i a l  volume i s  con t rac ted ,  as expect.ed 

i n  t h e  present  a p p l i c a t i o n ,  t h e  l o n g i t u d i n a l  expansion o f  a f i r e - b a l l  

causes a n o n- i s o t r o p i c  d i s t r i b u t i o n  f o r  f i n a l  h a d r o n s  i n  i t s  r e s t  

f rameZ9.  

We have shown t h a t  t h e  phenomenological s t r i n g  model can be 

extended success fu l l y  t o  t h e  p ro ton- pro ton  c o l l i s i o n s  process w i t h o u t  

l o s i n g  i t s  s i m p l i c i t y .  E s p e c i a l l y ,  t h e  d i f f r a c t i v e  behaviour and i t s  

e f f e c t  on t h e  lead ing  p a r t i c l e  spec t ra  a re  w e l l  reproduced. 

Fur ther  s tud ies ,  i n c l u d i n g  the a n a l y s i s  o f  themodel parameters 

w i t h  respect  t o  i n c i d e n t  energy dependencè; hydrodynamical t reatment  o f  

f i r e - b a l l  decay, and t h e  ex tens ion  o f  t h e  model t o  nucleus-nucleus c o l -  

l i s i o n  a r e  now i n  progress.  

We a r e  ve ry  g r a t e f u l  t o  D r .  W.D. Myers f o r  s t  i m u l a t  i n g  d i  s -  

cussions, d u r i n g  h i s  s tay  i n  Rio, which i n s p i r e d  t h i s  work, and f o r  h i s  

i n t e r e s t .  We a r e  deeply indebted t o  Dr. S.B. Duarte f o r  h i s  c o l l a b o r -  

a t i o n  a t  t h e  e a r l i e r  s tage of t h i s  work. Discuss ions w i t h  D r .  Y .  Harna, 

C.K. Chung, R. Donangelo, N. A ra ta  and S.B. Duarte have been q u i t e  he lp-  

f u i  and i l  lumina t ing .  
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Resumo 

E propos to  um modelo fenomenológico s imp les  pa ra  c o l i s õ e s  p r o -  
t o n- p r o t o n  v i sando  sua a p l i c a ç ã o  d i r e t a  a reações nüc leo -nüc leo  emener- 
g i a s  a l t a s .  O fo rmal ismo combina formação de Solas  de fogo  d u r a n t e o d e -  
senvo lv imento espaço- temporal  de um tubo de fogo n ã o p e r t u r b a t i v o  d e v á -  
cuo e x c i t a d o  e uma subsequente produção de hadrons f i n a i s  por  decaimen- 
t o  dessas b o l a s  de fogo.  Fo i  ded icada a tenção e s p e c i a l  ao t ra tamen to  do 
processo de d i s s o c i a ç ã o  d i f r a t i v a  de modo a i n c l u i r  e f e i t o s  de p a r t í c u -  
l a  dominante .  Os r e s u l t a d o s  d e s t e  modelo são compaíados com os dados ex-  
p e r i m e n t a i s  à e n e r g i a  de 19.6 GeV. O e s p e c t r o  de p a r t í c u l a  dominante 6 
bem r e p r o d u z i d o  no p resen te  t ra tamen to .  


