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We study a model f o r  high-energy c o l l i s i o n s  i n  which two d i s t i n c t  and 

independent mechani sms are present: a) p ionizat ion,  dep i c ted as an ex- 

c i t a t i o n  o f  the meson f i e l d  induced by a c lass i ca l  source representing 

the i ncident  p a r t i c l e s  i n  i n te rac t i on ,  and b) fragmentation, descr i  bed 

as a two-stage process cons is t ing  i n  the i n c i d e n t -  p a r t i c l e  e x c i t a t i o n  

and i t s  subsequent decay. We show tha t  the model ex i  h i  b i  t s  an excel-  

l e n t  agreement w i t h  a l l  the I S R  data on doel/dt, at, oinel and oel, and 
-+ 

i t s  consistency w i t h  w do/&, <n> and the fragmentation cross sec t ion  

i s  discussed. 

Estuda-se um modelo, para co l isões a a l t a s  energias, em que atuam do is  

mecanismos d i s t i n t o s  e independentes, a saber, ( i )  a pionização, descri- 

t a  como exci tação do campo mesônico induzida por uma fonte  c lãss ica  que 

representa as pa r t í cu las  inc identes em interação, e b) a fragmentação, 

entendida como um processo, em dois estágios,  qce consiste na exci tação 

de uma das pa r t í cu las  inc identes seguida por  seu deca imento. Mostra-se 

que o modelo exibe excelente acordo com os dados de I S R  para doe,  /dt, 

't' ' inei e P., , e discute-se sua consistência com w do/&, <n> e a seção 

de choque de fragmentação. 

* Postal address: C.P. 20516, 01000 - São Paulo SP. 



Nowadays, we have a reasonably large v a r i e t y  o f  experimental data con- 

cerning high-energy c o l l i s i o n  o f  hadrons and, as a consequence, some 

common features o f  these in terac t ions  have been put  i n  evidence.Theaim 

o f  the present a r t i c l e  i s  t o  discuss a p a r t i c u l a r  model based on the 

idea of p a r t i c l e  product ion by a quantized f i e l d  w i  t h  a time-dependent 

c lass ica l  source, and a lso  fragmentation o f  the inc ident  p a r t i c l e s .  A 

combination o f  these two mechanisms, which w i  1 1  be defined l a t e r ,  shows 

a p o s s i b i l i t y  o f  accomodating a l l  the main cha rac te r i s t i cs  o f  high- 

-energy react ions i n t o  a s ing le  scheme. 

The experimental data suggest that ,  i n  high-energy c o l l i s i o n s  o f  hadrons, 

the f i n i t e  extension o f  these p a r t i c l e s  p lays an important ro le .  This 

i s  most c l e a r l y  seen i n  the d i f f r a c t i o n  pa t te rn  o f  doel/&, although the 

constancy o f  <kl> and the approximately 1 inear increase o f  < k > w i  t h  
I I 

s, f o r  the produced p a r t i c l e s  i n  these reactions, may a l so  be in terpre-  

ted as due t o  the f i n i t e  and near ly constant transversal range o f  the 

i n te rac t i on  and t o  i t s  . f l a t t e r  and f l a t t e r  long i tud ina l  dimension. 

Eikonal models, formu 

qu i t e  appropr i a te  dev 

t i n g  another i n te res t  

la ted  i n  terms o f  an impact parameter, cons t i t u te  

ices t o  implement the above idea, besides presen- 

ing  feature which i s  the (s-channet) u n i t a r i  t y .  

I t  a l so  becomes c l e a r l  that ,  i f  we are in teres ted i n  descr ib ing  c o l l i -  

sions a t  energies equal o r  h igher than those ava i l ab le  a t  I S R ,  a mecha- 

nism which produces increasing cross-sections must be included. That is, 

a pure ly  geornetrical moclel i s  not  sa t i s fac to ry  f o r  our purpose. 

The idea o f  making an arialogy between the m u l t i p a r t i c l e  product ion and 

bremsstrahlung has been proposed a long time ago by ~ e i s e n b e r ~ ~  and,sin- 

ce then, m n y  authors have developed t h i s  idea and studied severa1 as- 

pects of the react ions (~efs .3-5) .  One can conveniently formul ate the 

problern by considering some c lass i ca l  extended current ,  which becomes 

e f f e c t i v e  on ly  dur ing  a shor t  time o f  i n te rac t i on  between the i nc iden t  

pa r t i c l es ,  and rad ia t i ng  some quantized f i e l d .  This type o f  model pre-  

d i c t s  a ser ies  o f  q u a l i t a t i v e l y  i n te res t i ng  resu l t s  i n  the asymptotic 



l i m i t  when t h e  energy 

mention, f o r  i ns tance  

a) 't' 'ei' ' inei 
- 

s- 

c)  constancy o f  < kL> 

(o r  e q u i v a l e n t l y  s )  goes t o  i n f i n i t y .  

(see ~ e c . 2 )  

l o g  ( l o g  s )  , b) <n> - l o g  s 

s* l o g ( l o g  s )  

, d) s c a l i n g :  < k l l >  &, and 

e)  s h r i n k i n g  o f  dúel/dt . 

A1 l these p r o p e r t i e s  (except the  exac t  f u n c t i o n a l  forrn whi ch 

We cou ld  

, 

is  n o t  we11 

es tab l i shed)  a r e  r e a l l y  v e r i f i e d  a t  h i g h  energ ies,  so t h a t  t h i s  m d e l  

may be looked a t  as a p o s s i b l e  e x p l a n a t i o n  o f  the  o r i g i n  o f  the  energy 

dependence o f  the  observable q u a n t i t i e s .  

Ser ious d i f f i c u l t i e s  a r i s e ,  however, i f  one t r i e s  t o  f i t  the  experimen- 

t a l  data q u a n t i t a t i v e l y .  A l though severa1 approx imat ions a re  i n v o l v e d  

i n  t h i s  model, such as n e g l e c t i n g  sp ins ,  i s o s p i n s  and r e c o i l s  o f  the i n -  

c i d e n t  p a r t i c l e s ,  we f e e l  t h a t  tKe d isc repanc ies  a r e  t o o  la rge .  We ex- 

press these d i  f f i c u l  t i e s  as f o i  lows6: 

A) I f  one f i x e s  the parameters by f i t t i n g  duel/dt, the  p r e d i c t i o n  f o r  

w da/& becomes ext remely low (by a f a c t o r  o f  10 - 20) ; 

B )  With  the same parameters, t h e  average mul t i p l i c i  t y  p r e d i c t e d  by the  

m d e l  i s  t o o  smal l  and a l s o  increases very s l o w l y  ( t h i s  l a s t  behav io r  

i s  due t o  a r a p i d  - m r e  than  expected - i ncrease o f  ui nel). 

Moreover, o t h e r  impor tant  f e a t u r e s  o f  high-energy c o l l i s i o n s  do n o t  

appear i n  t h i s  model, namely: 

C )  The model does n o t  p r e d i c t  r e a c t i o n s  o f  the c l a s s  a + b + a + a n y t h i n g ,  

w i t h  a srnall m iss ing  mass, which appear as a narrow peak near x = l  i n  

the  i n c l u s i v e  cross sec t ion ;  

D) The m u l t i p l i c i t y  d i s t r i b u t i o n ,  un, i s  always peaked a t  n = l ,  c o n t r a r y  

t o  the  e x i s t i n g  data. 

A t  t h i s  p o i n t ,  i t seems t o  us n a t u r a l  t o  t r y  a model which inc ludes  ex- 

p l  i c i  t l y  the  p o s s i b i l  i t y  o f  t h e  i n c i d e n t - p a r t i c l e  f ragmentat ion,  which 

w i l l  g i v e  a component w i t h  an approx imate ly  constant  cross s e c t i o n ,  as 



we l l  as the p o s s i b i l i t y  o f  producing p a r t i c l e s  v i a  the mechanism men- 

t ioned above. O f  course, t h i s  k i n d  o f  m d e l  re ta ins  a11 the a t t r a c t i v e  

asymptotical p roper t ies  a) - e) mentioned above, wh i le  a t  smaller s va- 

lues the i nc lus ion  ~f a constant component w i ' l l  a l low õt, uinel and õel 

t o  increase much more slowly, and where f ragmentation p a r t i c l e s  wil 1 do- 

rninate both w do/& and <n>. I t  i s  t r ue  tha t  i n  doing so, we are j u s t  

inc lud ing as another input  the property mentioned i n  C) ,  w i thout  t r y i n g  

t o  obta in  i t  from some principie. However, we can avoid, i n  t h i s  way, 

the d i f f i c u l  t i e s  A), 0) and D ) ,  g e t t i n g  a l so  a much m r e  sa t i s fac to ry  

agreement o f  the o ther  resu l t s  w i t h  the data. 

A si.milar attempt has been done by Henyey and sukhatmes, based on the 

idea o f  d i f f r a c t i v e  d issoc ia t ion ,  i n  a c lose analogy t o  the work by Good 

and walker7. l n  t h i s  way, they have been able t o  achieve a considerable 

improvement over the sirnple c lass i ca l  source m d e l ,  bu t  s t i l l  

b l e  t o  f i n d  a p a r t i c u l a r  parametr izat ion which resenbles the 

features o f  the data. 

Here, instead, a two-component m d e l  i s  discussed i n  which the 

p a r t i c l e s  can e i t h e r  be exc i ted  w i t h  a subsequent decay (we ca 

ere una- 

mportant 

inc ident  

11 t h i s  

component fragmentation) o r  rad ia te  a f i e l d  i n  analogy w i t h  bremsstrah- 

lung ( l e t  us cal  1 t h i s  component p ion i za t i on  as usual, a1 though the pro-  

duced p a r t i c l e s  are not  necessar i ly  ~ i o n s ) ,  o r  both of them. 

Two-component m d e l s  have been discussed by severa1 authors i n  connec- 

t i o n  wi t h  the mul t i p l  i c : i  t y  d i s t r i b u t i o n  and correlat ion.amng the pro- 

duced p a r t i c l e s 8 .  Here, we focus our a t t e n t i o n  m s t l y  on ut,oine1, 'e1 > 

doel/&, odif and w do/&, and by dwor ing a specif ic (eikonal) formal ism, 

s a t i s f y i n g  u n i t a r i t y ,  dlscuss i t s  imp l ica t ions  on these observables. 

I n  what f o l  lows, we f i  r s t  describe, f o r  the sake o f  completeness, a sim- 

p l e  "classical-source" rnodel as mentioned above, showing the proper t ies  

a) through e). This motiel i s  improved i n  Sec.3, inc lud ing a l so  f rag-  

rnentation. The main output  o f  the model which can be i m d i a t e l y  d e r i -  

ved w i l l  be showi i n  ~ e c . 4 ,  where a quan t i t a t i ve  f i t  t o  the experimen- 

t a l  data i s  t r i e d .  A diçcussion showing the p o s s i b i l i t y  o f  g e t t i n g  the 

exper imental ly  measured w do/& as we l l  as <n> i s  a l so  presented there.  



F ina l l y ,  the main conclusions o f  the present work are  summarized i n  the 

l a s t  Section, where a d iscussion concerning o ther  observable q u a n t i t i e s  

i s  a l ço  given. 

2. PIONIZATION: CLASSICAL SOURCE MODEL 

Let us i n i t i a l l y  describe a simple model f o r  p à r t i c l e  product ion i n  

which the rnultiply-produced p a r t i c l e s  are described by a f i e l d  s a t i s f y -  

i ng  the equation 

where J(x,$) i s  a c l ass i ca l  source, def ined appropr ia te ly  i n  terrns o f  

the inc ident  p a r t i c l e s .  Here, as i n  a11 the fo l l ow ing  discussion, the 

spins, i so top i c  spins and charges both o f  the inc ident  and emi t ted  par- 

t i c l e s  are neglected f o r  s i m p l i c i t y .  I n  w r i t i n i - t h e  equat ion above, no- 

- reco i l  approximation i s  i r n p l i c i t l y  assumed and, as the no ta t i on  al rea- 

dy indicates,  a n  impact-parameter representat ion i s  used f o r  the nucle- 

ons ( l e t  us consider p-p c o l l i s i o n s  t o  f i x  the ideas). The model we are 

descr ib ing  i n  t h i s  Sect ion i s  e s s e n t i a l l y  the same discussed i n  Ref.4, 

except the way i n  which i s  formuiated. 

As i s  we l l  known9, Eq. (2.1) i s  r e a d i l y  solved and the corresponding S- 

-matrix i s  given by 

whe re  



Let us def ine  

Although not  expl  i c i t l y  indicated,  the source J (z ,~)  may depend on the 

inc ident  energy, as we actual  l y  assume, and so do j (k ,b )  and $(é). W i  t h  

t h i s  notat ion,  t he  ma t r i x  e t e m n t  f o r  t r a n s i t i o n  from an inc ident  I pp> 

s ta te  t o  a f i n a l  Ipp, kl,. . . ,kn> state,  where kl,. . .,kn r e f e r  t o  mmn-  

t a  o7 the produced pions, reads 

where the r e c o i l  o f  the protons has been neglected. 

The correspondi ng cross sec t ion  (except the e l a s t i c  one) i s  w r i  t t e n  as 

Inc lus ive  croçs section!; w do/& may be evaluated i n  a s i m i l a r  way by 

squaring Eq. (2.5), i n teg ra t i ng  i t over a1 1 the momentum var iables except 

one, and summing the integrais over n wi t h  an appropr iate s t a t i s t i c a l  

f ac to t .  The r e s u l t  i s  

(e .  7) 

For the e l a s t i c  channel, we have t o  subt rac t  1 from the S-matrix e le-  

ment i n  Eq.(2.5), which gives the amplitude 



i n  terms o f  which the d i f f e r e n t i a l  cross sec t ion  becomes 

Here, as usual, we wrote t = -z2, and the i n teg ra t i on  i s  on a plane per- 

pendicular  t o  the inc ident  d i rec t i on .  

From E ~ S .  (2.8) and (2.9), i t  f o l  lows by t - i n t e g r a t i o n  tha t  

On the o ther  hand, the o p t i c a l  theorem gives 

and by subt rac t ing  Eq.(2.10) from (2.111, i t  fo l lows tha t  

The i a s t  equation can a1 t e r n a t i v e l y  be der ived summing a given by Eq. n '  
(2.6), which shows a consistency w i  t h  the uni t a r i t y  requi rements. The 

average m u l t i p l i c i t y  o f  pions may be ca lcu la ted by using Eq.(2.6): 

Now we come t o  the quest ion o f  how t o  choose the source func t i on  J(x,~) 

i n  Eq. (2.1). Fol lowing the bremsstrahlung idea, the f i  na1 p a r t i c l e s  (ne- 

g lec t i ng  the i n t e r a c t i o n  amono them) are emi t ted  by the inc ident  protons 

but  on ly  dur ing  t h e i r  mutual i i t e rac t i on .  One rnay w r i t e  a c e r t a i n  hadro- 

nic-charge d i s t r i b u t i o n  p.(x) 'or each proton, which i s  assumed t o  be 
Z 

sphe r i ca l l y  symmetric i n  i t s  o r~n system, p ( r ) .  Looked a t  from an a r b i -  



t r a r y  system m v i n g  along the c o l l i s i o n  ax is  (see Fig.11, such a d i s t r i -  

but ion  w i l l  show i t s e l f  contracted and i n  m t i o n  w i t h  a v e l o c i t y  3;: 

However, as f a r  as p a r t i c i e  emission i s  concerned, t h i s  charge d i s t r i -  

but ion  wi 11 become e f f e c t i v e  on ly  f o r  a shor t  time in te rva l  during which 

the c01 l i s i o n  takes plece, and i f  the irnpact parameter d i s  such that the 

p a r t i c l e s  can a c t u a l l y  i n te rac t .  We t r y  t o  take t h i s  f in i te- range ef fect  

i n t o  account by w r i t i n g  

where g i s  a constant proport ional  t o  the i n t e n s i t y  o f  the in terac t ion .  
-+ 

The fac to r  1 8 ~ - 4 1  has been introduced i n  order t o  make J(X,;S) a sca iar  

wi t h  respect t o  Lorenti! transformations along the z-axis. A simi l a r  sour- 

ce has been used by o ther  authors (Refs.4,5). 

lntroducing the Four ier  transform o f  the hadronic-charge densi ty P(u2), 

ct3u + $ -+ 
P{(X) = Y< I --- B b 2 )  exp1 iu .F  ; 7 + yi(z - ititnl (2.16) I - 

and ca l cu la t i ng  j(k,;S) from Eq. (2.31, we have, i n  the C.M. systern, 

= P u l  ,(u2) p(us2)  exp i - ib  . - (k l  /2)] 1 , (2.17) 
J2ii I - 

whe re  



Fig.1. Def in i  t i o n  o f  the coordinate system. 

Fig.4. The slope parameter B ( s ) ,  a t  t = 0, p red ic ted  by our m d e l .  The 

expe r imn ta l  data have been taken from Ref . l S  where references t o  a1 1 the 

data are given. 
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+ 
The equation above shows; t ha t  the k -dependente o f  j (k ,b )  i s  more o r  

L 
less independent o f  the i nci  dent energy,whi l e  the k dependence appears 

II 
through the va r i ab le  k / Y .  This property,  together w i th  Eqs.(2.4) and 

I I 
(2.7-2-131, guaran-tees a1 1 the as{rnp&tic behav io~s  a) - e) mentioned 

i n  the Introduct ion.  Let us i l l u s t r a t e  t h i s  p o i n t  by assuming a simple 

pararnetr izat ion f o r  the hadroni c-charge densi ty ,  viz. 

Substi t u t i n g  t h i s  expression i n t o  Eq.(2.17), we get f o r  s* 

where rn i s  the proton m s s .  

which shows the constancy o f  

Eq. (2.19) a l so  impl ies t ha t  

The i n s e r t i o n  o f  t h i s  i n t o  Eq. (2.7) gives 

8 m 2  exp I - - k 2  - a k 2  I ,  
s 11 - I 

<k,> and the sca l i ng  o f  UI da/&. - 

X, - log  s as s*. This can be i m d i a t e l y  

seen by n o t i n g  t h a t  the energy dependence o f  a r ises  f rom the k i n -  
I 1  

tegra t íon  o f  Eq. (2.4) which i s  roughly - / d k l l  /k,, , the upper l i m i t  be- 

ing determined by the c u t o f f  f ac to r  / j ( k , z )  1 which expands proport imal-  

l y  t o  Js. 

Deta i led  i n teg ra t i on  o f  Eq. (2.4) gives 

A = =  and B = y + l o g ( 2 c m Z p 2 ) ,  (2.22) 
32a 1 

where u2 = <u2 + k 2  >; y, i n  Eq. (2.22), denotes Euler 's  constant. 
I I 



Substi tut ing Eq. (2.21) in to  (2.11), we have 

and, therefore,  

where Ei stands fo r  the exponential i n tegra l .  

The leading term o f  th is  equation i s  

Analogously, the substi tut ion o f  Eq.(2.21) in to  (2.10) and (2.12) gives 

and 



whose leading terms are 

and 

a. ( s )  ---+ 4 ~ 1 7 ~  l o g ( l o g  s )  . 
''e1 s + m 

The average m u l t i p l i c i t y  <n> i s  obtained from Eq.(2.13), by using Eqs. 

(2.21) and (2.25): 

8.rr0.4 og s - B 1 , 
<n> = - - 2A l o g  s 

(2.26) 
" inel  s + 00 log(1og s)  . 

F ina l  ly ,  the sh r i nk ing  o f  d ael/dt i s  evident  from Eqs. (2.8) and (2.91, 

f o r  ~ ( b )  i s  now an increas ing funct ion of S.  

3. THE TWO COMPONENT MODEL 

I n  the preceding Sectiori, a simple c lass i ca l  source model has been des- 

cribed, which e x h i b i t s  severa1 i n t e r e s t i n g  asymptotic p roper t ies .  HO- 

wever, as already mentioned i n  In t roduct ion  ( ( A )  - ( D ) ) ,  i t  meets s e r i -  

ous d i f f i c u l t i e s  as 

present a possib le 

desi rab le  features, 

soon as a q u a n t i t a t i v e  f i t  i s  attempted6. 

mpruvement t o  t ha t  model, which maintains 

whi l e  avo id ing  the aforementioned d i f f i c u  

i 

Let us suppose t h a t  the high-energy c o l l i s i o n s  between two 

Here, we 

a11 o f  i t s  

1 t i e s .  

p a r t i c l e s  

occur throu,gh e i t h e r  o f  the two f o l  lowing mechanisms, o r  both o f  them 

( l e t  us consider pp c o l l i s i o n s  as i n  the preceding ~ e c t i o n ) :  

i )  Exci t a t i o n  o f  one o r  both o f  the inc ident  pa r t i c l es ,  which decay suh- 

sequently. We ca l1  t h i s  process fragmentation and assume i t  "indepen- 

dent" o f  the energy. i i) Par t i c l es  (o r  c lus ters )  may be i r rad ia ted 1 i k e  

i n  bremsstrahlung. We cal  1 t h i s  component p ion iza t ion ,  and i t  wi 1 1  ex- 

h i  b i  t an energy dependence. 



These two mechanisms are assumed t o  be independent one from the other, 

and t h i s  i s  expressed by w r i t i n g  the S-matrix i n  the product forrn 

where SI, S and S comute. Here, Si corresponds t o  the fragmentation 
2 71 

o f  the i - t h  inc ident  p a r t i c l e ,  Sr t o  p ion iza t ion ,  the impact parameter 

o f  the inc ident  p a r t i c l e s  being kept  f i xed.  

Physical ly ,  independence o f  the two mechanisms means f i  r s t  t ha t  p i o n i -  

za t i on  causes n e g l i g i b l e  changes on the inc ident  p a r t i c l e s  so t h a t  frag- 

mentation, which we are assuming independent o f  the inc ident  energy i n  

the sense of "1 imi t i n g  fragrnentation hypothesis" ( ~ e f  .lO) , occurs as i f  

no p a r t i  c l e  has been emi t t ed .  Secondly, i t means t h a t  dur i  ng the shor t  

time o f  i nterac t ion ,  the hadronic-charge d i  s t r i  bu t i on  remai ns constant, 

even when there i s  some e x c i t a t i o n  o f  the inc ident  p a r t i c l e s  and, con- 

sequently, the source responsible f o r  the p ion i za t i on  stays the same re- 

gardless o f  whether the inc ident  p a r t i c l e s  s u f f e r  fragmentation o r  not. 

Also, no- recoi l  approximation i s  i m p l i c i t  i n  using f i x e d  impact parame- 

t e rs  f o r  the protons. 

The uni t a r i  t y  o f  the S-matrix and the above assumption require t ha t  each 

fac to r  S .  and Sr be un i ta ry .  This cond i t ion  leads, f o r  instance, t o  the 
2 

f o l l ow ing  useful surn r u l e  which w i l l  be employed l a t e r :  

where Ip> represents the inc ident  proton s ta te  and the sum goes overa l l  

possib le f i n a l  s tates,  . inc lud ing the e l a s t i c  channel. 
ws- 

The p ion i za t i on  i s  described i n  the way already discussed i n  the prece- 
-+ 

d ing Section, where the source func t ion  ~ ( x , b ) ,  i n  Eq.(2.1), i s  now as- 

sumed t o  be independent o f  the proton fragmentation, i n  accordance w i t h  

the discussion above. Using the same no ta t i on  as i n  Sec. 2 ,  the ma t r i x  

element f o r  a t rans i  t i o n  from an inc ident  two-proton s ta te  Ipp> t o  a f i -  

na l  s t a t e  Ifl,f2;kl,.. .,k >, where f,,f2 re fe r  t o  the inc ident  proton n 



fragmentation, and k,, . . . ,k denote the momenta o f  the p ion i za t i on  par- n 
t i c l e s ,  reads 

The corresponding cross sec t ion  i s  w r i t t e n  

I f  we look a t  the product ion o f  n p ion i za t i on  pa r t i c l es ,  w i thout  worry- 

i ng  about what happens w i t h  the inc ident  protons, we have t o  sum Eq.(3. 

4) over fi and f2, recovering, on account o f  Eq.(3.2), the f a m i l i a r  ex- 

pression already given as Eq.(2.6). I n  an e n t i r e l y  s i m i l a r  way,contr i -  

but ions t o  i nc lus i ve  cross- sect ion coming from p ion i za t i on  i s  shown t o  

be given by Eq.(2.7), 

The e l a s t i c  amplitude, ~ q . ( 2 . 8 )  i s  m d i f i e d  t o  

where an add i t iona l  f ac to r  representing the beam at tenuat ion  due t o  frag- 

mentation does appear now. Analogous change i n  Eqs. (2.10) -(2.12) gi ves 

and 



I t i s  a l s o  eas i  l y  seen t h a t  Eq. (2.13) corresponds now t o  the  c o n t r i b u t i -  

on f rom p i o n i z a t i o n  t o  t h e  average p i o n  m u l t i p l i c i t y ,  p rov ided  oinel i s  

a p p r o p r i a t e l y  r e i n t e r p r e t e d  as g iven  by Eq. (3.8).  

L e t  us now consider  a  pure f ragmentat ion,  i . e . ,  an i n e l a s t i c  process i n  

which no p i o n i z a t i o n  p a r t i c l e  i s  e m i t t e d .  We have f o r  s i n g l e  fragmenta- 

t i o n ,  by F o u r i e r - t r a n s f o r m i n g  ~ q . ( 3 . 3 )  w i t h  n=O and t a k i n g  one o f  the fi 

equal t o  p ,  

and 

w i t h  a  s i m i l a r  r e s u l t  f o r  d u ( f 2 ) / d t .  Here, and i n  the  f o l l o w i n g  e q u a t i -  

ons, we n e g l e c t  the  smal l  s h i f t  i n  the t- th resho ld .  

I n  a  corresponding way, the  double- f ragmentat ion ampl i tude reads 

and t h e  cross s e c t i o n  

L!- dt o(fl,fZ) = v 1 ~ ( f ~ , f ~ ; s , t )  1 2 .  

The i n t e g r a t i o n  o f  Eqs.(3.10) and (3 .12) 'over  t g ives  us 

and 



I n  actual  problems, however, one i s  o f t e n  more in teres ted i n a sum over 

severa1 s ta tes  i n  the mass range from M t o  M+&, and not i n  a t rans i t ion  

i n t o  a s ing le  s ta te  spec i f i ed  by fi. As a matter  o f  fac t ,  what the s ta-  

tes fi are i s  o f t e n  not  c l ea r  i n  actual  problems. Thus, we assume the rna- 

t r i x  element <filsilp> a f unc t i on  o f  mass M on ly  (and so are G(fi; s , t) 
~ ( f ~ , f , ; s , t  1) and, by in t roduc ing a densi ty o f  states n ( ~ ) ,  w r i t e  

and 

The corresponding formulas f o r  ~ q s .  (3.13) and (3.14) are 

and 

The t o t a l  s ing le-  and double-fragmentation cross-sections are then, on 

account o f  Eq. (3 .21 ,  

and 



I n  the f o l  lowing, the parametri za t i on  

w i l l  be adopted. A p a r t i c u l a r  choice o f  xf f o r  a quan t i t a t i ve  comparison 

w i t h  the experimental data w i l l  be considered i n  the next Section. Here, 

we argue tha t  xf i s  expected t o  be approximately proport ional  t o  < F 2 > ,  

the two-dimensional Four ier  t ransform o f  the square o f  the proton form 

fac tor .  This fo l lows i f  we accept the Chou-Yang m d e l "  as v a l i d  for f rag- 

mentation. At  intermediate energies, bremsstrahlung i s  s t i l l  n e g l i g i b l e  

(Plab- 20 ~ev /c ) ,  but h igh enough t o  a1 low a geometrical descr ip t  ion o f  co l -  

l i s i ons ,  the above assumption may be approximately s a t i s f i e d ,  what can 

be i n fe r red  from the excel l e n t  resu l t s  ob ta i  ned therein". 

Int roducing the above notat ion,  we sumrnarize here some o f  the formulas 

derived above, which w i l l  be employed i n  the next Section. That i s ,  Eqs. 

(3.5)-(3.8), (3.15) and (3.161, may be rewr i t t en  as 



I n  Eqs.(3.18), xf i s  assumed t o  be cons tan t  ( f o r  s u f f i c i e n t l y  h i g h  ener- 

gy),  whereas X, i s  g i ven  by Eq.(2.21) and increases l o g a r i t h m i c a l l y  w i t h  

S .  

4. COMPARISON WITH EXPERIMENTS 

The r e s u l t s  ob ta ined  i n  t h e  p reced ing  Sec t ion  a re  now compared w i t h  the 

exper imenta l  data. 

F i r s t ,  we n o t i c e  t h a t  the re  e x i s t  c e r t a i n  q u a n t i t i e s ,  l i k e  those g iven  

by  Eqs. (3.18), which depend o n l y  on  xf and x ~ .  These q u a n t i t e s  can ea- 

s i l y  be compared w i t h  t h e  da ta  and t h i s  w i l l  be done e x p l i c i t l y  i n  t h e  

present  Sect ion. 

Moreover, the re  a r e  o t h e r  q u a n t i t i e s  t h e  computat ion o f  which requires a 

more d e t a i l e d  knowledge o f  f ragmentat ion,  such as the o f f - d i a g o n a l  e l e -  

ments o f  Si, the  s tate dens i t y  n ( ~ )  and t h e  momentum d i  s t r i b u t i o n  o f  the 

decay p roduc ts  o f  these s t a t e s .  The cross sec t  ions d20/dt&, d3ú/dt&ldfi42, 

dn/& and & ' / d ~ ~ & ~ ,  g i v e n  by Eqs. (3.10s)-(] . lha),  as w e l l  as udo/dz, 

a and <n>, a r e  such observables. An a t tempt  t o  c a l c u l a t e  d 2 a / d ~ d t  has n 
been made i n  one o f  o u r  works", though r e s t r i c t e d  t o  the  small-mass re-  

g ion.  As expected, the  a b s o r p t i o n  e f f e c t ,  which i s  embodied through the 

exponen t ia l  f a c t o r  exp(-x ) , g i  ves more p e r i  phera l  impact-pararreter am- f 
p l  i tude ( p r o f i l e  f u n c t i o n )  o r  e q u i v a l e n t l y  s h r i n k i n g  o f  the forward peak 

as compared t o  the  e l a s t i c  channel . I n  t h i s  paper, however, we a re  n o t  

go ing t o  red iscuss o r  improve the r e s u l t s  p r e v i o u s l y  obta ined,  b u t  w i l l  

s irnply p resen t  a d iscuss ion  on t h e  p o s s i b i l i t y  o f  r e c o n c i l i n g  the  data 

on  w do/& and <n> w i t h  o u r  scheme. 

L e t  us beg in  by f i x i n g  t h e  f u n c t i o n  xf. As discussed i n  the prev ious 

Sect ion,  we expected t h a t  x f  be approx imate ly  p r o p o r t i o n a l  t o  < F ' >, 

and constant  w i t h  energy. The purpose o f  t h i s  paper i s  n o t  t o  get  the 

" best- f  i t" o f  the exper imenta l  data, b u t  t o  v e r i  f y  whether a s imple me- 

chanism as d iscussed here a l l o w s  one t o  reproduce a22 t h e e s s e n t i a l  f e -  

a t u r e s  o f  h i  gh-energy c01 l i sions.  Thus, we a r e  n o t  i n t e r e s t e d  i n d e t e r -  

min ing  the exact  form o f  xf, n o r  p ( x )  f o r  p i o n i z a t i o n .  We p r e f e r ,  i n s -  



tead, t o  parametri ze them i n  a way whi ch a1 lows o f  an easy computatio- 

na1 manipulation. We w r i t e  

xf = Ce -Bb , (4.1) 

w i t h  C and B two adjustable parameters. A comparison w i t h  < F ~ >  gives an 

estimate o f  0, and i n  the fo l lowing ca l cu la t i on  we take 

This value f o r  B corresponds t o  an average i n  the i n te rva l  O < K *  < 0.8 

G ~ v * ,  and, as a consequence o f  t h i s  parametrization, we do not  expect a 

good agreement of doel/& i n  the l a rge- t  region (see Fig.2). 

The parameter C i n  Eq. (4.1) could be evaluated by using, f o r  instance, 

data on a t  intermediate energies (P - 20 GeV/c) , where, accor- 

ding t o  our descr ipt ion,  p ion i za t i on  i s  not  important yet .  We, however, 

choose s l i g h t l y  smaller value f o r  C, considering the ove ra l l  agreement 

o f  the resul  t wi t h  the data, namel y, 

Once xf i s  f ixed, i t  remains on ly  t o  determine two parameters, f o r  ins-  

tance g and a, i n  Eqs. (2.21) and (2.22), i n  order that  a numerical com- 

par ison o f  the quan t i t i es  given by Eqs.(3.18) w i t h  experiments can be 

ca r r i ed  out .  We do t h i s  by f i t t i n g  f o r  -t<0.4 (G~v !c )~  , a t  the 

highest  energy where such data are avai lab le .  As i s known, doe /dt a t  

these energies, and a t  such t in terva ls ,  shows two d i s t i n c t  components 

w i th  d i f f e r e n t  slope parameters (see ~ i g . 2 ) .  I n  our descr ipt ion,  the wi-  

der component corresponds rough 1 y t o  f ragmentat i on, whereas the n a r w r  

one i s  due t o  pionizat ion.  This i n te rp re ta t i on  i s  consistent  w i t h  the 

experimental evidence that  the l a rge- t  pa r t  i s  very l i t t l e  energy depen- 

dent, wh i le  the sma11-t peak shr inks continuously w i t h  energy (see Fig. 

3). 

A t  s = 2809 G ~ v ~ ,  a good f i t  i s  obtained w i t h  



Fig.2.  The square o f  the eletromagnetic form factor as a function o f  K ~ .  

The approximate curve used i n  our calculat ion i s  also shown (broken 1 

ne). The dotted 1 ine i s  the exponential extrapolat ion o f  F ' ( K ~ )  a t  srna 

K ~ .  



d e , / d t  calculated a t  s = 2808 &v2 compared with the experimen- 

tia1 data1'. 
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from which, using ~~.(2.22), we f i n d  

Now, we are ready t o  compute X, a t  any energy value and, together w i t h  

xf, ca l cu la te  a11 the observables l i s t e d  i n  the RHS o f  Eqs.(3.18). I n  

Fig.3, the ca lcu la ted dael/dt, a t  s = 2809 Gev2, i s  shown together w i t h  

the experimental valuer; . A t  other s values, we have s i m i l a r  curves and 

the agreement i ç  exce l i en t  f o r  a l l  the I S R  data. Fig.4 shows the s lope 

parameter a t  t = O .  The t o t a l ,  i n e l a s t i c ,  and e l a s t i c  cross sections, as 

funct ions o f  s are p l o t t e d  i n  Fig.5. 

I n  s p i t e  o f  a very simple parametr izat ion f o r  x f  and x ~ ,  i t i s  seen t h a t  

the agreement o f  these resul  t s  wi t h  the avai l ab le  data i s  more than sa- 

t i s f a c t o r y  i n  a1 l the I S R  energy range and down t o  s E 200 GeV . F o r  

s < 200 G ~ v ~ ,  a dev ia t ion  occurs which, i n  our opin ion,  i s  due essent i -  

a l l y  t o  the s i m p l i f i e d  choice o f  xf we have made. Looking a t  Fig.2, we 

see that ,  a t  -t < 0.2, a considerable devíat ion o f  F~ from our curw?&es 

occur. I f  we have taken xf - <F~>, t h i s  would o f  course give r i s e  t o  a 

more pronounced peak i n  doel/dt a t  low energies, w i thout  destroying the 

good agreement seen i n  Fig.3 f o r  -t 2 0.15. On the o ther  hand, t h i s  would 

ev ident ly  cause a f l a t t e n i n g  o f  ot, a. and ael as s decreases below 
~ n e l  

I S R  energies. At  the same time, i t  would fo rce  a t o  become sml ler,which 

i s  desirable,  s ince our e(u2) i n  ~ ~ . ( 2 . 1 8 ) ,  w i t h  the a f i x e d  above, i s  

much narrower than F ( K ~ ) ,  a1 though there i s  no a p r i o r i  reason that they 

should coincide.  I n  w r i  t i n g  the source densi ty, Eq. (2.15), we intended 

t o  consider no t  on ly  the f i n i t e  extension o f  the proton hadronic charge 

but  a l so  the f i n i t e  range o f  t h e i r  rnutual in terac t ion ,  which may be d i f -  

f e ren t  from the former. 

As t o  a' and cri", very few data are ava i lab le  and moreover these are 

f requent ly  c o n f l i c t i n g .  Here we j u s t  mention tha t  these quan t i t i es  are 

s lowiy decreasing wi t h  s, due t o  the increase o f  $ and the p red i c t i on  

f o r  a' a t  s = 2809 G ~ V - S  f 
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Later we w i l l  r e tu rn  t o  discuss t h i s  resu l t ,  i n  connection w i t h  w da/& 

and <n>. 

A f t e r  having shown the rnost d i r e c t  resu l t s  p red ic ted by the model, l e t  

us now t u r n  t o  a discussion o f  other observables such as w da /&  and 

<n>. As s ta ted i n  the Introduct ion,  our purpose i s  t o  construct  a rode1 

which maintains. the n ice  features o f  the brernsstrahlung analogy andwhich 

e l im inates  the d i f f i c u l t i e s  A) t o  D )  mentioned there in .  

The quant i  t i e s  w da/& and <n> are now given as a sum: 

da da' u - = P'. (u -) + P; (u 
d f d Z  

da' da2 
= P f  ( u - + u - )  + P p -  , m: cZi: ai: 

and 

where P: = P; : Pf are respect ive ly  the fragmentation probabi 

protons I and 2, and P,, the p r o b a b i l i t y  f o r  p ion i za t i on .  Here 

P, = 2Pf + P,, > 1, s ince mixed events are a l so  possib le and, 

cases, a double o r  t r i p l e  count ing i s  made. 

l i t i e s  o f  

: P; + P; + 
i n  these 

Our choice o f  the parameters def i n i n g  X, and xf, Eqs. 44.2) and (4.41, 

when considered together wi t h  Eqs. (3.18), i ndicates t h a t  even a t  the h i  - 
ghest ISR eneí-gy, f ragmentation i s  dominant over p ion i  zat ion,  t h a t  i s  
i- Pf > PV. Thus, i n  the energy range where data are aval lab le ,  w da/& and 

<n> are' much more inf luenced by fragmentatian than p ion iza t ion ,  and they 

w i l l  not  be obtained by simply co r rec t i ng  Eqs.(2.7) and (2.13). Rather, 

c o n t r i  but ions from p ion i za t i on  shal 1 be regarded as sma11 corrections t o  

the bas i c  resul  t s  whi ch correspond t o  f ragrnentation; Thus, a complete 

ana lys is  o f  the problem requires a de ta i l ed  descr ip t ion  o f  how fragmen- 

t a t i o n  takes place. This, however, wil.1 not  be done here and we sha l l  

content ourselves i n  j u s t  present ing an argument which suggests t ha t  an 



appropr iate account o f  f ragrnentation leads probabl y t o  experimental 1 y 

consistent  resu l ts .  

Descr ipt ions o f  f r a g m n t a t i o n  have been given by several authors i n  the 

past  years, bu t  here the vers ion o f  Jacob and c01 laborators13 w i l l  be 

considered. I n  those papers13, they succeeded i n  reproducing both < n > 
+ + 

and ~JJ da/& f o r  several f i n a l  pa r t i c l es ,  n-, K-, p, n,..., by conveni- 

e n t l y  def in ing:  P(M,~*), the d i f f e r e n t í a l  cross sec t ion  f o r  producing a 
I 

c lus te r  o f  MSS M and transverse mmentum p n ( ~ ) ,  the average m u l t i -  
1.' 

p l i c l t y  f o r  each k ind  o f  p a r t i c l e  as a f unc t i on  o f  the c l u s t e r  mass M ; 

and f i n a l  1 y D/&, the normal i zed decay d i  s& i  but ion.  The agreernent w i th  

experiments i s  exce l len t ,  so we fee l  t h a t  w i t h  a s i m i l a r  pa ramt r i za t i on  

we can obtain, a l so  i n  our  m d e l ,  where f r a g m n t a t i o n  i s  dominant below 

ISR energy, w da/& and <n> which are as good as i n  the i  r ca lcu la t ion .  

O f  course, the m u l t i p l i c i t y  d i s t r i b u t i o n  an w j l l  now becom much broa- 

der. 

I n  Jacob's ca lcu la t ion ,  the  cross sec t ion  

which gives a good f i t  f o r  o ther  quant i t ies ,  i s  too  la rge compared w i t h  

the usual 1 y reported adi (Ref . l4 ) .  However, care must be taken i n  car-  

r y i n g  ou t  such a comparison. According t o  our notat ion,  

w o u l d b e s u c h a c r o s s s e c t i o n ,  w h i l e a  s h o u l d b e c o m p a r e d w i t h ~ ' o f  d i  f 
Eq.(3.l8e), o r  b e t t e r  twice t h i s  value, where an add i t iona l  fac tor  exp 

{ - 2 ( ~ ,  + x f ) )  appears due t o  the beam absorpt ion  corresponding both t o  

the fragmentation o f  the other p a r t i c l e ,  and t o  p ion iza t ion .  I n  our cal-  

cu la t ion ,  a = 12.7 mb, which i s  close t o  the Jacobls value (0  = 15 mb), 

whereas a' i s  given by E ~ .  (4.6) which i s  much smaller, favour ing our mo- 

de1 . 



5. CONCLUSIONS 

I n  t h i s  paper, a model f o r  high-energy c o l l i s i o n s  has been studied, 

which includes two d i s t i n c t  and independent par t ic le- product ion  mecha- 

nisms: a) pionization, depicted as an e x c i t a t i o n  o f  the meson f i e l d  by 

a c lass i ca l  source represent ing the i nc iden t  p a r t i c l e s  i n  in terac t ion ,  

and b) fragmentation, descr i  bed as a two-stage process consi s t  ing  o f  an 

i oc iden t- pa r t i c l e  e x c i t a t i o n  fo l lowed by i t s  subsequent decay. The use 

o f  e ikonal  approximation a1 lowed us t o  w r i  t e  an S-matrix s a t i s f y i n g  (s- 

-channel) uni  t a r i  t y ,  which i s  convenient f o r  studying absorpt ion effects. 

I n  s p i t e  o f  i t s  s i m p l i c i t y ,  the model reproduces q u i t e  s a t i s f a c t o r i l y  

a1 1 the I S R  data on dael/dt, ot, oinel and ael and p red ic t s  a' which i s  

comparable t o  the exper imental ly  measured adif. Accepting the success 

o f  fragmentation models i n  reproducing <n> and w do/&, i t i s  concluded 

t h a t  the present scheme i s  a l so  able t o  account f o r  these observables. 

As discussed i n  the preceding Section, these resu l t s  rnay be improved 

fur ther,  both a t  lower energies and a t  l a rge r  t values, f o r  doel/&, i f  

we take a more r e a l i s t i c  parametr izat ion f o r  x f '  

Also, once fragmentation i s  we l l  defined, i t  seems stra ight forward though 

labor ious the extension o f  the model t o  the ca l cu la t i on  o f  o ther  quan- 

t i t i e s  such as co r re la t i ons  and 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 .  

As t o  the large-k d i s t r i b u t i o n  o f  p a r t i c l e s ,  we t h ink  tha t  i t  s t rong ly  
I 

depends on the momentum-energy conservation const ra in ts  which we have 

not  appropr ia te ly  taken i n t o  account. As a consequence, we have a cons- 

t a n t  (energy independent) d i s t r i b u t i o n ,  which i s  a c t u a l l  y v e r i f  i ed  on ly  

i n  the small-k range. 
I 

F ina l l y ,  we recognize t h a t  the  work i s  o f  course incomplete t o  the ex- 

t en t  t h a t  we simply borrowed some resu l t s  on fragmentation, without wor- 

k ing  on i t  i n  more d e t a i l .  This quest ion i s  being s tud ied now and w i l l  

be discussed i n  a fu tu re  pub l i ca t i on .  
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