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HIGH TRANSVERSE MOMENTUM PROCESSES 

J.D. BJORKEN 

Stanford  Linear Accelerator Center  

The most common s t rong- in terac t ion  and even elec- 

trornagnetic phenomena a r e  character ized  by low mean 

t ransverse  momentum ((PL) < * GeV) f o r  t he  secon- 

A 
P I  

dary hadrons. Yet most of the  ava i l ab l e  phase-space 

i s  found elsewhere. Figure 1 shows two d i f f e r e n t  

maps of t h e  phase-space appropr ia te  t o  30+30 GeV ISR 

Fig.1 a )  Peyrou p l o t  f o r  3 0 + 3 0  GeV pp c o l l i s i o n s  a t  t he  I R ,  with an ind ica t ion  of the t e r r i t o r y  thus  f a r  8 explored. b) The same, with pl and r a p i d i t y  y x l og  t a n  - chosen a s  var iables .  
2 

condi t ions ,  along with a rough sketch of the  t e r r i -  

t o r y  now explored. These explora t ions ,  along with 

o the r s  ca r r i ed  out a t  NAL , a r e  qu i t e  new, and 

extremely in t e r e s t i ng .  This  review w i l l  emphasize t h e  

t h e o r e t i c a l  perspect ives ,  inasmuch a s  t he  summary 

of t he  p a r a l l e l  s e s s ions  covers wel l  t h e  experimen- 

t a l  s ide  [1,2]. This should not obscure the  f a c t  

t h a t  the r e a l  news i s  experimental  r e s u l t s  not theo- 

r e t i c a l  speculation.  I w i l l  cover t he  following to- 

p i c s  : 

1.- Single-par t ic le  i nc lus ive  hadron spec t r a  a t  

high p 
1 '  

2 .- St ruc tu re  of hlgh-pL hadronic events.  

3 . -  Theoret ica l  models and in t e rp re t a t i ons .  

4.- Inclus ive  production of high-pl leptons  and 

lepton p a i r s ,  along with l i m i t s  on production 

of W' , ZO , and o the r  massive objec ts .  

5.- Multiple co re s  and high-p phenomena a t  s t i l l  
I 

higher energies.  

1.- INCLUSIVE HADRON SPECTRA. 

1.1.- SCALING BEHAVIOR.- The observed spectrum of 

x o ' s  a t  eY- 90° , a s  measured [ I ]  by the  CERN- 

Columbia-Rockefeller group a t  53 GeV a t  t h e  ISR, 

provides the  highest-energy, highest-pl hadron spec- 

trum i n  existence.  The observat ions  show immediately: 

(1) The y i e l d  is much l a r g e r  than an extrapola- 

t i o n  based on the  Hagedorn s t a t i s t i c a l  model ; 

4 
(2)  The y i e l d  i s  much l a r g e r  (about 10 ) than 

what i s  expected from photon exchange (Figure 2 )  

Fig.2 - Photon-exchange diagram leading t o  produc- 
t i o n  of high pl hadrons. 
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d e s p i t e  the  f a c t  t h a t  the photon-exchange contribu- I ~ : .~ .d30 /dd  

tgon only f a l l s  a s  a power of pl , roughly p;4 . 
10 - 27 

This  s t rongly  sugges ts  t h a t  the  o r i g i n  of t h e  pheno- 

menon i s  hadronic i n  nature. 

The expected behaviour of the hadron inc lus ive  d is -  

t r i b u t i o n  produced by the  photon exchange mechanism 10 - 28 

is  given [21 by dimensional ana lys i s  : 

2 
where F is o f  o rde r  a . It  was na tu ra l  [3] t o  re- 

p lace  the  photon exchange by a J=1 gluon exchange 

and specula te  t h a t  t he  same form would work f o r  t he  

s t rong  production [2,4,5]. But the  evidence i s  now 

q u i t e  convincing t h a t  t h i s  idea  is wrong. A t  8 2 
CM 

90° , t he  experiments show t h a t  t h e  exponent 4 should 

be  replaced approximately by 8 , a s  suggested theo- 

r e t i c a l l y  by Blankenbecler, Brodsky and Gunion [61. . 2  .4 -6 2 ~ ~ 1 6  
Thi s  i s  shown by t h e  CCR group i n  t h e i r  cont r ibu-  

t ion.  The bes t  t e s t s  of any s c a l i n g  behaviour a r e  

a t  the  h ighes t  energies  and pL , i n  order  t h a t  any 

low pL o r  low s backgrounds a r e  not present ,  and 

the re fo re  the  CCR da ta  provides t he  bes t  t e s t .  Their 

estimated e r r o r  on t h e  power of 
p I 

i s  small ,  ,< 1 

and equat ion  (1.1) appears untenable. Let us  assume 

the  exponent 8 , and then p l o t  t he  funct ion  

f o r 8  %goo  versus  2pI/& = - 
Pm, CM 

i n  o rde r  t o  b e t t e r  i n t e r p r e t  the  nature  of t h i s  sca- 

l i n g  (Figure 3). 

We see  t h a t  below Elab -J 100 GeV, the  spectrum 

i s  i n  q u a l i t a t i v e  accord with an absolute  Feynman 

s c a l i n g  i n  pl ; t he  only change is  a hor izonta l  

compression of t he  d i s t r i b u t i o n  a s  a consequence of 

%he choice of ho r i zon ta l  s ca l e  2pl / $; . Above 

Elab - 100 GeV, the  approximate s ca l ing  behaviour 

s e t s  i n ,  i n  f a c t ,  qu i t e  abruptly.This observat ion  

was made by the  NAL-NIU group de t ec t ing  high-pl 

Y-rays i n  t he  i n t e r n a l  t a r g e t  a r e a  (although they 

use  a q u i t e  d i f f e r e n t  parametr iza t ion  than here) .  By 

the  time & = 53 GeV, the  s c a l i n g  occurs f o r  

p >,, 3 GeV . 
I 
I t  needsscarcely be sa id  t h a t  t he  evidence presen- 

ted  does not  i n  i t s e l f  prove t h e  relevance of t h i s  

parametrization.  However, I s h a l l  he re  ignore  a l l  

o thers .  There a r e  a t t r a c t i v e  t h e o r e t i c a l  p rope r t i e s  

f o r  t h i s  form which should be f a m i l i a r  t o  anyone who 

has ever  looked a t  cosmic-ray physics.  Glennys F a r r a r  

and I c a l l  i t  the  parent -chi ld  r e l a t i o n  [7] : 

Suppose we produce some parent  (par ton ,  i soba r ,  

e t c .  of momentum p according t o  an inc lus ive  

s- 23.5 GeV t'J-- 
\/;= 52.7 GeV 

0 61 44 GeV 
F= 53 Gel! 

do- 
Fig .3  - P l o t  of p8 E - versus t he  s c a l e  va r i ab l e  

d3P 

2p* 
7 % 

. ( a )  NAL-NIU d a t a  a t  50, 180, 
Pmx 

and 400 GeV ; CP da t a  a t  300 GeV, (b )  CCR, BS, and 
SS ISR data .  

d i s t r i b u t i o n  

do- 
E - N  - f ( , ) . (1.1) 

d3p P: 
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Suppose the  parent P decays i n t o  a hadron c h i l d  c 

of momentum p' = xpp (with l imi ted  pL r e l a t i v e  
I' 

t o  the  d i r e c t i o n  of the  parent )  according t o  a Feyn- 

man sca l ing  hypothesis 

(This i s  c e r t a i n l y  t r u e  f o r  i sobar  decays). 

Then the  inc lus ive  d i s t r i b u t i o n  has t he  same form 

a s  equation (1.2), with a d i f f e r e n t  funct ion  f '  

(which i s  a convolution of f  with g).  

There i s  a l s o  a corol lary .  I f  a local-exponent ap- 

proximation i s  v a l i d  ( i .  e. f o r  some range of pL we 

may replace  f  by a constant  and n by an e f f e c t i v e  

exponent then ( a t  the  same pl) 

Thus there  is  a un ive r sa l i t y  of the s ca l ing  law, 

(Eq.1.2), much l i k e  the  u n i v e r s a l i t y  of the c e n t r a l  

plateau-region i n  ordinary processes (we mean, e.g. 

i f  dN/dy^, const .  ( o r  eaY) f o r  a parent  (such a s  

P,A) d ~ / d y  a l s o  i s  cons tant  ( o r  eRY) f o r  i t s  

ch i ld ren ) .  

Notice a l s o  t h a t  i n  the cascade process ,  the  cms. 

angle  (and therefore  the r ap id i ty  Y log  t an  8/2) i s  

a2proximately conserved. Therefore these  considera- 

t i o n s  a l s o  suggest  the u se fu lnes s  of BCM o r  y a s  

a va r i ab l e  of choice  i n  high-pL phenomena. Likewise 

p/pmax ( a t  a given 9) i s  a l s o  a na tu ra l  var iable .  

Feynman's x v a r i a b l e ,  x = 2 p  /6,  i s e a  good 
// 

choice.  Also 2p / & i s  only a good va r i ab l e  a t  
I 

eCM = 90° ; i t  should be c l e a r  there  can be no sca- 

l i n g  of the  i nva r i an t  c ros s  s ec t ion  i n  p /& over a 
I 

range of cms angles  ! 

Before leaving these g e n e r a l i t i e s ,  we note again  

t h a t  dimensional ana lys i s  would have predic ted  the  

exponent i n  Eq.(1.2) t o  be 4. To go from 4 t o  8 i m -  

p l i e s  t h a t  the  bas ic  matrix-element f o r  t he  process 
2 

be propor t ional  t o  m , with m a small (?) mass ; 

m , <  1 GeV. (?). The o r i g i n  of t h i s  damping f a c t o r  be- 

comes a c e n t r a l  t heo re t i ca l  ques t ion ,  t o  which we 

r e t u r n  i n  s e c t i o n  3. 
1.2.- PARTICLE RATIOS.- 
The most important f ea tu re  of t he  d a t a  on p a r t i c l e  

+ - 
r a t i o s  is  t h a t  heavy p a r t i c l e s  (Km,p,p) comprise a 

l a r g e r  f r a c t i o n  of the t o t a l  y ie ld .  At the  ISR, i t  

i s  N 35% a t  pI - 3 GeV a s  contras ted  with -10% 

a t  low PL . And a t  NAL , the  p/x+ r a t i o  hovers 

around 100% and K+/x+ around 50% . 

The i n t e r p r e t a t i o n  of these l a r g e  r a t i o s  depends 

upon what one assumes a s  the  u l t ima te  parent  of the  

hadrons we observe. I t  can be e i t h e r  a par ton ,  which 

"qragmentsw a s  i t  is  supposed t o  do i n  deep-inelas- 

t i c  lepton-induced processes [8] , o r  an ordinary 

hadron o r  i soba r  (of l imi t ed  mass), o r  perhaps a 

" f i r eba l l "  [9 1 . 
I f  the  parent  i s  a low mass hadron, one does not  

have t o  go f a r  t o  q u a l i t a t i v e l y  understand the  f a c t  

tha t  the  heavy p a r t i c l e s  a r e  more dominant. While 

i soba r  and resonance decays tend t o  populate t he  

c e n t r a l  p l a t eau ,wi th  an excess of pions,  t h i s  me- 

chanism is g rea t ly  diminished i n  importance a t  high 

pl 
because of t h e  s t eep ly  f a l l i n g  spectrum. Glennys 

Fa r r a r  and I ca r r i ed  out  a simple ca l cu l a t ion  t o  

i l l u s t r a t e  t h i s  e f f e c t  171 . We f i r s t  assumed SU(3)- 

symmetric production of 33 and 2 mesons and 

baryons, i n  the r a t i o  2/1 and according t o  t h e i r  

s t a t i s t i c a l  weight. The i sobar  decays provide con- 

s ide rab le  but not q u i t e  enough SU(3) v io l a t i on .  

We g e t ,  f o r  example, 

However, i f  we make t h e  corresponding assumption a t  

high pl , e.g. a l l  members of t he  35 and 52 a r e  

produced with a p-8 spectrum, again  according t o  I 
s t a t i s t i c a l  weight, and again  with 3 5 / E  = 2/1, we 

get  

Again, anyone who has f a m i l i a r i t y  with cosmic ray 

physics should understand t h i s .  For those who do 

not ,  i t  i s  a simple exe rc i se  u t i l i z i n g  Eq. (1.4) : 

i sobars  have a non t r iv i a l  g (x ) ,  while f o r  t h e  

s t a b l e  components g(x)  = ~ ( I - x )  and the? a r e  

erhanced. 

Those who use t h e  hypothesis t h a t  the  u l t ima te  

parents  ( o r  grandparents) of the  hadron spec t r a  t h a t  

we observe a r e  par tons ,  i n  p a r t i c u l a r  quarks,should 

a l s o  f i nd  the  q u a l i t a t i v e  trends,with increas ing p 
1 

which a r e  observed a t  t he  ISR reasonable. When 

2p /& i s  l a rge ,  i t  i s  reasonable t o  suppose the  
I 

par tons  a r e  valence par tons ,  predominantly u-quarks. 

These u-quarks (along with same d )  p r e f e r e n t i a l l y  - - 
fragment i n t o  p and K , not p and K . The u 

quark p r e f e r e n t i a l l y  fragments i n t o  x+ a s  well  ; 

thus a xi/ x -  r a t i o  g r e a t e r  than un i ty  is  a l s o  

reasonable ( t h i s  l a t t e r  phenomenon is  observed i n  
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deep- inelas t ic  e lec t roproduct ion) .  However i f  t h i s  e x i s t i n g  t h e o r e t i c a l  ideas  a r e  su re  t o  be ref ined,  

is the  r i g h t  i n t e r p r e t a t i o n ,  we a r e  a l s o  forced t o  

conclude tha t  t h e  r a t h e r  l a rge  p/%+ r a t i o  .W 30% 

and K+/ %+ r a t i o  .u 35% observed a t  the  ISR f o r  

pI >z 3 GeV implies s imi l a r ly  l a r g e  r a t i o s  i n  e+e- 

c o l l i d i n g  beams, which (according t o  the  parton- 

model i deas )  produce predominantly a mono-energetic - 
beam of u and u quarks. A cms energy w 8 GeV 

should s u f f i c e  f o r  a t e s t .  

The problem of i n t e r p r e t a t i o n  becomes much more 

acu te  when the  NAL d a t a  of the  Chicago-Princeton 

group is  taken i n t o  account. A t  such l a rge  values  

of p/p- , i t  becomes ever  more probable t h a t  t h e  

par ton i s  a u-quark, and thus a l a rge  K+/%- r a t i o  

i s  expected. I t  is  not observed (1.0 ,< K+/x- 6 1.2 

over  the  e n t i r e  range of the da t a ) .  And the  p/K+ 

r a t i o - 1  implies an ext raordinary  amount of baryon 

production i n  e+e- ann ih i l a t i on  [lo]. 

1.3.- ANGULAR DISTRIBUTION OF INCLUSIVE SPECTRA.- 

From the  phase-space p l o t s  i n  f i g u r e  1 ,  we see  t h a t  

t he re  i s  a g rea t  dea l  of t e r r i t o r y  from e .-100mrad. 
CM 

t o  eCM N 45O which, a t  the  ISR, y i e l d  high pl 

secondaries but which i s  not  ye t  explored. For lGeV 

< PI 
< 3 GeV , t he  da t a  of t he  British-Scandinavian 

group show no d i s c e r n i b l e  d i f f e r ence  i n  the  i nva r i an t  

c ros s - sec t ion ,  a s  funct ion  of pl , f o r  eCM = 60° 

and eCM = 90° . Theoret ica l  models a r e  capable of 

descr ib ing the  angular  dependence, which i s  expected 

t o  be qu i t e  s o f t ,  once the  f a c t o r  -8 
pI has been 

ext rac ted .  I s h a l l  not review these ,  inasmuch a s  

modified, o r  generalized considerably by the  time 

any such d a t a  w i l l  appear. 

2.- STRUCTURE I N  PHASE-SPACE OF HIGH-p EVENTS.- 
1- 

2.1.- THE GEOGRAPHY OF THE FINAL-STATE HADRON 

POPULATIONS.- Of c l e a r  i n t e r e s t  and importance i s  

the  determination of what i s  produced i n  associa- 

t i o n  with a high-p secondary. We hzve a l ready in- 
1 

dicated  t h a t  i f  t he  secondary i s  t h e  decay product 

of a parent ,  both parent and secondary possess ap- 

proximately t h e  same labora tory  angle  [ll]. (This .  

i s ,  by the  way, a Lorentz corrariant statement f o r  

a l l  Lorentz boosts except those which make one of 

the secondaries wee). I n  o t h e r  words a j e t  may be 

formed. Define a je t -axis  by the d i r e c t i o n  of the  

momentum of t he  highest-pl hadron emit ted  i n  a high- 

pI event. Then a na tu ra l  hypothesis is  t h e  following 

(1)  P a r t i c l e s  of high p emitted i n  the  same 
I 

hemisphere a s  the  h ighes t  p hadron emerge i n  t he  
I 

same d i r ec t ion ,  with angular f l u c t u a t i o n  A e  .$ 0 . 5 / ~ ~  

i n  t he  c o l l i n e a r  Lorentz frame i n  which t h e  j e t  

emerges a t  90° t o  the beam d i r ec t ion .  - 
Thi s  hypothesis is a necessary consequence of par- 

ton-model orthodoxy [ lo] ,  but has a gene ra l i t y  t h a t  

extends beyond it. The region of phase space occu- 

pied by members of a j e t  i s  shown i n  f i gu re  4. We 

s e e  tha t  t he  d i s t r i b u t i o n  i n  r a p i d i t y  of associa ted  

hadrons should be peaked, with width l e s s  than 2 

ln i t s  of r ap id i ty .  

Fig.4 - Regions of phase space which may be populated according t o  the  j e t  hypothesis ; i . e .  the region out-  
s ide  t he  shad& region i s  expected t o  b e  not populated by high-pL hadrons ( a )  Peyrou p l o t  ; (b)  pL -y p lo t .  

What about t he  opposite hemisphere ? Evidently one would have t o  p roduce~20-30  hadrons, each car-  

the  high p r.lust be balanced. Unless t he  m l t i p l i -  
I ry ing p.,.,0.3 GeV t o  avoid t h i s  conclusion).  Con- 

I 
c i t y  of associa ted  hadrons on the  o the r  s ide  is  li- s i d e r  t he  hadron of l a r g e s t  pl. Following the  pre- 

near i n  
p, 

, t he re  w i l l  be a t  l e a s t  one high-p 
I 

ceding argument, we would be led t o  expect a j e t  i n  
A 

- 

hadron i n  t h i s  opposi te  hemisphere ( a t  pl >210GdV, 
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t h e  opposite hemisphere a s  well .  This has a l ready 

been i l l u s t r a t e d  i n  Fig.4. The two j e t s  need not 

emerge i n  opposite d i r e c t i o n s ,  i . e .  with A e ~ i 8 0 0  : 

Estimates of t h e i r  c o r r e l a t i o n  e a s i l y  allow f o r f l u c -  

t u a t i o n s  i n  t h e i r  r e l a t i v e  r a p i d i t y  Ay of two un i t s .  

Th i s  p i c tu re  is  summarized i n  t he  next two hypotheses. 

(2) Event by event a plane may be defined by the  

beam momenta and t h e  momentum of t he  hadron posse- 

s s ing  the  h ighes t  p . The d i s t r i b u t i o n  of seconda- 
1 

ry  hadron momentum normal t o  t h i s  plane pN i s  a 

s teeply  f a l l i n g  funct ion  a s  pN increases.  

(3) Event b) event,  t he  population of secondary 

hadrons i s  confined t o  the  usual  low-pl region along 

the beam d i r e c t i o n s  and t o  a t  most two approximately 

coplanar j e t  regions,  a s  shown i n  f i gu re  4 ,  which 

a r e  defined by the h ighes t  pL p a r t i c l e s  i n  opposi te  

hemispheres. I t  is  very improbable t o  f i n d  hadrons 

l a rge  d i s t ances  ou t s ide  these  j e t  regions o r  ou t s ide  

the  usual low-pl fragmentation regions and c e n t r a l  

plateau.  

We do not mean t o  imply by these hypotheses t h a t  

a l l  shaded regions i n  f i g u r e  4 a r e  well  populated 

i n  a t yp i ca l  high-pL event. Some j e t s  may be  almost 

empty se t s .  D i f f e ren t  models say d i f f e r e n t  thlngs.  

But most models of which I am aware a r e  not  i n  con- 

f l i c t  with the  above hypotheses, and the  hypotheses 

a r e  therefore  very important t o  t e s t .  I n  f a c t ,  the 

only models I know t h a t  a r e  i n  c o n f l i c t  a r e  s9a t i s -  

t i c a l  "nova" models [12,131 f o r  which the  mu l t ip l i -  

c i t y  i s  assumed t o  grow l e s s  rapidly  than l i n e a r  

with f i r e b a l l  mass. These v i o l a t e  the coplanar i ty  

hypothesis (2). 

The coplanar i ty  hypothesis has not ye t  been exami- 

ned experimentally.  The CCR d a t a  on 2 -pa r t i c l e  

co r r e l a t i ons  a r e  a t  l e a s t  q u a l i t a t i v e l y  i n  agreement 

with hypothesis (3) .  I f  a p a r t i c l e  i s  observed i n  

coincidence with the high pL no and i n  the  same 

hemisphere, i t s  r ap id i ty  i s  sharply co r r e l a t ed  with 

t h e  2 . I n  t he  opposite hemisphere the c o r r e l a t i o n  

i s  absent. 

Before descr ib ing what i n  general  the  models say,  

i t  i s  u se fu l  t o  fu r the r  d i s s e c t  the  region of par- 

t i c l e  production which we have describerr i n t o  frag- 

mentation regions and "plateau" i n  order  t o  organize 

our  th inking about the  qu i t e  complicated kinematics. 

I f i n d  i t  he lp fu l  t o  f i r s t  cons ider  t he  photon- 

exchange process. A l l  the  d i f f e r e n t  regions a l ready 

appear i n  t h a t  process and can be generalized over 

t o  the  hadronic case  without an  overcommitment t o  

s p e c i f i c  models. Consider f i r s t  electron-proton deep- 

i n e l a s t i c  s c a t t e r i n g  i n  the electron-proton cen te r  

of mass frame. An i n e l a s t i c  c o l l i s i o n  a t  l a r g e  w 

populates phase space a s  shown i n  f i gu re  5. Deep- 

Fig.5 - Population i n  phase space f o r  an e lec t ron-  
proton deep- inelas t ic  c o l l i s i o n  a t  l a rge  w . We a r e  
i n  the  electron-proton cms. frame. 

i n e l a s t i c  cognoscentes w i l l  recognize the parton- 

fragmentation region (conta in ing the  most ene rge t i c  

hadrons, f o r  ordinary  labora tory  kinematics with 

i n i t i a l  proton a t  r e s t ) ,  t a rge t  fragmentation re- 

gion,  hole-fragmentation region, and the  two pla teau 

regions,  hadronic p la teau and cu r r en t  p la teau [141. 

This  p i c t u r e  uses i deas  of short-range c o r r e l a t i o n  

i n  r ap id i ty ,  which may be wrong-especially i n  t he  

current-fragmentation region. Generally expected i s  

t h a t  the m u l t i p l i c i t y  of hadrons i n  the  current -  

p la teau is r e l a t e d  t o  the  m u l t i p l i c i t y  of hadrons 

i n  t h e  eie- ann ih i l a t i on  process,  inasmuch a s  t he  

hole and parton fragmentation regions  along wi th  

the  cu r r en t  p la teau comprise the  fragmentation re- 

gion of the  v i r t u a l  photon. Now consider  a proton- 

proton c o l l i s i o n  proceeding v i a  photon exchange, a s  

i n  Fig.2. Evidently we should i n v e r t  the d i s t r i bu -  

t i o n  of f i gu re  5 about the o r i g i n  t o  ob ta in  t he  

fragmentation of the left-mover. That would leave  

a gap between the two regions.  However, there  i s  

good reason t o  bel ieve  the gap is  f i l l e d  by an  or- 

dinary Yradron pla teau.  I n  add i t i on  t o  the  photon 

exchange, pomeron exchange leading t o  p a r t i c l e  pro- 

duct ion  should be present  and important inasmuch a s  

the  impact parameter i n  t he  c o l l i s i o n  i s  not la rge ,  

That i s ,  t he re  i s  no reason t o  throw away diagrams 

such a s  f i g u r e  6. 

The complete map of t h e  poss ib le  populated regions 

of phase space i s  shown i n  f i g u r e  7a. There a r e  15 

d i s t i n c t  regions. Impossible energies  a r e  required  

t o  s ee  them a l l  a t  t he  same time. Sav i t  [151 has 
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Fig.6 - Proton-proton s c a t t e r i n g  v i a  photon exchange, 
with Pomeron-exchange correct ion.  

worked t h i s  out i n  the  ac tua l  p r a c t i c a l  case  of pl 

/& not snal l .  Then uany of these regions merge, and 

we a r e  l e f t  with only 9 mixed plateaux, as shown i n  

Fig.7b. In r ea l i s t i c  conditions (pL<< lOGeV) these i s  no 

current  plateau or mixed plateaux and the regions re- 

duce t o  5. Let no one be deceived t h a t  the s i t u a t i o n  

i s  not complex. A l l  15 regions can be general ly  iden- 

t i f i e d  i n  a va r i e ty  of models : they a re  not spec i f i c  

t o  par ton ideas. For example, j u s t  the three  general 

hypotheses made e a r l i e r  r a t h e r  na tu ra l ly  account f o r  

a l l  the regions except the  hole-fragmentation regions. 

To see  t h a t  they a l s o  a r e  general ,  s t a r t  with the 

conf igurat ion of Fig. 7a  (where evident ly  s >> p2) 
1 

and keep the  hadron conf igurat ions  i n  the  j e t s  cons- 

t a n t  while lowering the incident  beam momenta. For 

s u f f i c i e n t l y  l a rge  s , v a r i a t i o n  of p r o j e c t i l e  

energies  is  not  supposed t o  a f f e c t  what happens i n  

t h e  c e n t r a l  region ( a t  f ixed p ). Thus no change is  
I 

forced a s  long a s  hadron plateaux(Pomeron couplizigs) 

e x i s t  adjacent t o  the  p r o j e c t i l e  fragmentation re- 

gions - and a s  long a s  energy and momentum a r e  con- 

served. We cannot decrease the  beam energies  t o  so  

low a value tha t  the t o t a l  four-momentum i n  the  i n i -  

t i a l  s t a t e  is  l e s s  than what e x i s t s  i n  the  hadron 

j e t s  alone ! Some easy examination of the  kinematics 

shows tha t  balance is  a t t a ined  when the  p r o j e c t i l e  

fragmentation regions overlap the  hole fragmentation 

regions. This qu i t e  general argument ind ica t e s  t h a t  

the exis tence  of the  hole  fragmentation regions i s  

not spec i f i c  t o  models, a t  l e a s t  i f  it i s  assumed 

t h a t  the  p i c tu re  of short-range r ap id i ty  co r re l a t ions  

i n  the  p r o j e c t i l e  and hadronic p la teau regions is  

not completely abandoned f o r  t h i s  c l a s s  of events. 

3.- MODELS. - Given t h i s  geography of phase-space 

f o r  high-p processes we can compare the predic t ions  
I 

of the various theo re t i ca l  models a s  t o  how the  va- 

r ious  regions a r e  populated. Also, a s  we proceed, we 

Fig.7 - Fragmentation regions and pla teaux f o r  a 
high-pL pp in t e rac t ion .  
( a )  General case. 
(b )  Minimum-energy conf igurat ion ; a f i n i t e  f rac-  

t i o n  of i n i t i a l - s t a t e  energy has  emerged i n  
the high-p j e t s .  

( c )  Real l i f e  t he re  i s  no current  p la teau u n t i l  
pL >> 10-20 GeV. 

must remember tha t  a c e n t r a l  dynamical problem i s  
2 

t o  discover the o r i g i n  of the f a c t o r  m i n  the  

matrix element (o r  , m4 i n  the cross-sect ion)  which 

cha rac te r i zes  the v i o l a t i o n  of dimensional scaling. 
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The phase-space populations f o r  6 d i f f e r e n t  models 

a r e  shown schematically i n  f i gu re  8. 

Unadorned 
vw//// / n /d 

Multiperipheral 

MODEL 

Kindergarten 
Partons 

PHASE-SPACE POPULATION 

Constituent PI v w / / / / / v / l l  
Interchange , 

I - 

Covarirrnt 
Furton Model 

OPE 

Fig.8 - Phase-space-populations (shown shaded) f o r  
6 d i f f e r e n t  models of high - p processes I 

a )  Mul t iper iphera l  model 
b) Kindergarten par ton model 
C )  Const i tuent  interchange model 
d )  Covariant parton model 
e) Par ton - f i r eba l l  
f )  One-pion exchange 

3.1. - THE MULTIPERIPHERAL MODEL UNADORNED [ 16 1. - 
I n  such models a mul t iper iphera l  ladder  f i l l s  t he  

hadron plateau regions i n  f i g u r e  8a u n t i l  the  hole- 

fragmentation regions  a r e  reached. Beyond, i n  the  

t r a n s i t i o n ,  mixed pla teau,  and cu r r en t  p la teau re- 

g ions ,  a l l  i s  l e f t  empty u n t i l  t he  parton-fragmenta- 

t i o n  regions  a r e  reached. I n  each such region one 

p a r t i c l e  i s  found. Or i f  i soba r s  a r e  included, a f i -  

n i t e  number of p a r t i c l e s  may be found there.  The 

power of m2 needed i n  the  amplitude can i n  t h i s  

model be provided by taking the  members of t h e  ladder 

t o  be s p i n l e s s ,  and the v e r t i c e s  without form-factor. 

Then the  amplitude e s s e n t i a l l y  conta ins  a J = 0 par- 

ton-parton s c a t t e r i n g  propor t ional  t o  the square of 
2 2 a t r i l i n e a r  coupling constant  g , [m ] . 

3.2. - THE KINDERGARTEN PARTON MODEL [2 , 4 , 5  1 . - I n  

t h i s  model a l l  fragmentation regions a r e  assumed t o  

be f u l l ,  with roughly t h e  same densi ty  a s  expected 

i n  deep i n e l a s t i c  processes.  I n  p a r t i c u l a r  t h e  mul- 

t i p l i c i t y  i n  the  current-fragmentation region should 

be the  same a s  observed f o r  t he  corresponding region 

i n  deep i n e l a s t i c  e lec t roproduct ion .  I f  a high-p 
I 

hadron i s  observed, a s  i n  an inc lus ive  experiment, 

i t  c a r r i e s  about 7 m  of the  energy of i ts  parent  

parton [5,71 because of the s t eep  f a l l  of t he  p r i -  

mary spectrum with increas ing pL . This  i s  t r u e  

f o r  any reasonably smooth inc lus ive  par ton fragmen- 

t a t i o n  funct ion  g(x)  , a s  follows from Eq.(1.4). 

Thus the re  should be a gap o f - l - 2  u n i t s  of r ap id i ty  

between the  observed hadron and the  r e s t  of t he  po- 

pu la t ion  i n  t he  cu r r en t  fragmentation region. I f  the  

t r i g g e r  i s  on the t o t a l  hadron energy i n  a j e t ,  a s  

would be t h e  ca se  were t h e  hadron d e t e c t o r  a c a l o r i -  

meter, then t h i s  b i a s  is removed. I n  such a ca se  

the  d i s t r i b u t i o n  should be s imi l a r  t o  what i s  found 

i n  t h e  current-fragmentation region i n  electroproduc- 

t ion.  There t he  evidence favors  (thanks t o  t h e  recent  

Cornel l  experiment [17] on m u l t i p l i c i t i e s  i n  t h e  
2 deep i n e l a s t i c  region : -, 2.5 GeV, 1 < Q~ < 10 GeV ) 

a d i s t r i b u t i o n  q u i t e  s imi l a r  t o  what i s  found i n  

ordinary  processes.  I n  a n  experiment i n  which one 

t r i g g e r s  on a high-p p a r t i c l e  i n  one hemisphere and 
I 

then observes the  hadrons emerging i n  t he  opposi te  

hemisphere they should ( i n  t h i s  model) again  comprise 

an "unbiased jet". Thus a higher associa ted  multi-  

p l i c i t y  i s  expected i n  the hemisphere opposi te  t o  

the high-p t r i g g e r  hadron than on t h e  same side.  
I 

The d i f f e r ence  i n  m u l t i p l i c i t i e s  on  t h e  two s i d e s  

should be roughly independent of pI a t  s u f f i c i e n t l y  

high ( i .  e. impossibly h igh)  5 . E l l i s  and Ki s s l i nge r  

[51 have c a r r i e d  ou t  more de t a i l ed  s t u d i e s  of many 

of these  questions. 

The main d i f f i c u l t y  with the  k indergar ten  par ton 

model is i t s  expecta t ion  of dimensional s ca l ing  f o r  

t he  i nc lus ive  d i s t r i b u t i o n  (an exponent 4 i n s t ead  

of t he  observed 8-10 i n  Eq.cl.4)). To ob ta in  t he  

power m2 i n  the matrix-element appears t o  require  

again  J=0 partons s c a t t e r i n g  v i a  J=0 exchange, 

while the  da t a  ( i n  p a r t i c u l a r  the  very l a rge  p/K 

r a t i o  (, 1) reported i n  t he  NAL experiment suggests 

t h a t  what i s  s ca t t e r ed  conta ins  t h e  quantum numbers 

of the  p r o j e c t i l e s ,  i n  p a r t i c u l a r  baryon number. W i -  

thout major adjustments,  t h i s  model of hadron-hadron 

c o l l i s i o n s  ( o r  a t  l e a s t  the quark-parton-plus-gluon 

vers ion of i t )  appears t o  be simply wrong. 

3.3. - THE CONSTITUENT INTERCHANGE MODEL [6,41] .- 
Blankenbecler, Brodsky, and Gunion [6] argued t h a t  

whether o r  not high-p hadrons may be produced v i a  
1 
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ha rd  parton-parton c o l l i s i o n s ,  a s  assumed i n  t he  

preceding model, they can be produced by a const i -  

tuent-interchange mechanism. To me t h i s  l i n e  o f  ar -  

gument has  led  by f a r  t o  t h e  most comprehensive and 

c o n s i s t e n t  desc r ip t ion  of high-pl i nc lus ive  and 

exc lus ive  processes i n  existence.Brodsky and F a r r a r  

[41] have developed a very r e l a t e d  (but not i den t i -  

c a l )  l i n e  of argument which very e a s i l y  summarizes 

t he  physics  involved. F i r s t  of a l l  ( a s  discussed by 

Brodsky and FarrarL4l l  and by Matveev, Muradian, 

and Tavkhelidze [ l g l ) ,  f o r  exclus ive  processes a t  

f ixed angle  and high energy, t he  e l a s t i c  s c a t t e r i n g  

of a par ton  from another  pa r ton  i s  assumed t o  pro- 

ceed according t o  dimensional analys is .  I f  a par ton  

s c a t t e r s  e l a s t i c a l l y  from a meson the  amplitude i s  
2 

damped by a power of m /s where m2 i s  a small  

mass. That is t h e  p r i c e  t h a t  has  t o  be paid t o  keep - 
t he  mass of t he  f i n a l  qq bound system small.(Brods- 

ky and F a r r a r  have examined c l a s s e s  of diagrams i n  

sca le- invar iant  t heo r i e s  t o  support  t h i s  conten- 

t i on ) .  For each add i t i ona l  bound cons t i t uen t ,  one 
2 

inc ludes  another power of m /s . Thus we g e t  t he  

t a b l e  below 

Process Fixed-angle cross-sec t ion  

which i n  f a c t  i s  i n  good accord with the  data.  Given 

the  r u l e ,  the  systematic behavior of i nc lus ive  pro- 

ce s ses  made on the b a s i s  of t he  interchange model 

can be reduced t o  dimensional ana lys i s  ( o r  automo- 

d e l i t y  [19]). Given t h a t  f o r  some reason the  qq 

s c a t t e r i n g  term (which con t ro l s  t he  kindergarten- 

pa r ton  desc r ip t ion )  is absent ,  t he  next most impor- 

t a n t  con t r ibu t ion  i s  the  s c a t t e r i n g  of a meson M 

from a quark, e i t h e r  qq -' MM o r  qM + qM . By a 

"meson" M is  meant a co r r e l a t ed  qq p a i r  i n  t h e  

protnn's wave funct ion ,  which possesses a low inva- 

r i a n t  mass. Because of the  f a c t o r  [m212 i n  t h i s  

cross-sec t ion ,  we g e t ,  again  us ing dimensional ana- 

l y s i s ,  n = 8 i n  Eq. (1.4). I n  an  Mq c o l l i s i o n ,  

t he  q and M i n  t he  i n i t i a l  beams r e s i d e  i n  t he  

hole-fragmentation regions.  The c o l l i s i o n  t r anspor t s  

them t o  t h e  parton-fragmentation regions.  The "me- 

sont' M does = fragment (unless  i t  i s  an i sobar) ,  

while t he  par ton fragments p r e f e r e n t i a l l y  i n t o  a 

high-mass system, leading t o  an  i n c l u s i v e  spectrum 

which f i l l s  i ts  current-fragmentation region. Hence 

the  f i l l e d  regions  of phase-space a r e  a s  shown i n  - 
f i g u r e  8c. For a qq +MM c o l l i s i o n  the  current -  

fragmentation regions remain empty, a s  i n  the  multi- 

pe r iphe ra l  model. Another p iece  of evidence f avo r s  

these  ideas .  The NAL d a t a  a t  6 = 20 and 21 GeV 

show a l a r g e  p / ~ '  r a t i o  % 1 . Thi s  i n d i c a t e s  t h a t  

a t  those ( r e l a t i v e l y  low) energies  parton-baryon 

s c a t t e r i n g  should not be ignored. The inc lus ive  d is -  

t r i b u t i o n  associa ted  wi th  t h a t  component has  a n  expo- 

nent n , i n  Eq.(1.4), of 12, not 8. Thus the  expe- 

r imenta l  exponent of - 1 0  observed i n  t h a t  range can 

be a t  l e a s t  q u a l i t a t i v e l y  understood a s  an average 

of 8 and 12. As the  energy increases ,  one would then 

expect ,  a t  f ixed p/pmax , t he  p/"+ r a t i o  t o  decrease  

a s  5 4  , which would make i t  q u i t e  small  a t  &,44 

a t  the  ISR , i n  con t r ad i c t ion  with observation.  

However the  process 

apparent ly  omitted by Brodsky and Fa r r a r ,  has the  

same sca l ing  behaviour (an  exponent 8 )  a s  

and consequently a t  f ixed x t h e  p/"+ r a t i o  would 

eventual ly  be expected t o  tend t o  a non vanishing 

constant.  With the  va r i e ty  of mechanisms ava i l ab l e ,  

i t  s h d l d  be  poss ib l e  t o  account f o r  the  da t a  [20]. 

Another poss ib ly  r e l evan t  p iece  of evidence comes 

from BNL d a t a  a t  28 GeV. The BNL-VPI-Wisconsin- 

Purdue co l l abo ra t ion  us ing the  ARGO spectrometer 

[21] observes the  r eac t ion  pp -, p + hadrons, where 

t he  observed p has high p . There appear t o  be 
I 

no pions a s soc i a t ed  with fragmentation of the  obser- 

ved high-pL proton. The associa ted  m u l t i p l i c i t y  a t  

f ixed missing mass i nc reases  sharply a s  t he  p of 
I 

t he  t r i g g e r  proton inc reases  beyond 1 GeV/c. The 

f i r s t  observat ion  i s  i n  accord with t h e  interchange - 
pic ture .  The r i s e  i n  n is not ; a t  f i xed  missing 

mass t he  behaviour i s  supposed t o  be q u a l i t a t i v e l y  

t h e  same a s  i n  electro-production,  where the  evidence - 
favors  no increase  i n  n a t  f i xed  missing mass. 
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3.4. - THE COVARIANT PARMN MODEL [18 1. - Inasmuch 

a s  Professor  Polkinghmne [22] has described t h i s  

viewpoint i n  some d e t a i l ,  I s h a l l  only very b r i e f l y  

paraphrase h i s  remarks us ing t h i s  language. 

The diagram of f i g u r e  9 a  which is described ap t ly  

Fig.9 - a )  Mueller diagram i n  covariant-parton-model 
desc r ip t ion  of high-pL inc lus ive  d i s t r i b u t i 0 n ; t h e  
s t a r r e d  l i n e s  possess high pl. b )  A simple, pos s ib l e  
d i s sec t ion  of diagram (a) .  c )  Pomeron-cut correc t ion .  

a s  "parton-parton fusion", e x h i b i t s  e x p l i c i t l y  only 

the one high-pl p a r t i c l e  observed i n  an  inc lus ive  

experiment. The parton-proton amplitude labeled  VW 2 
accounts f o r  one hadron-plateau and one t a r g e t  frag- 

mentation region. However high-pl is  c a r r i e d  i n t o  

the  black box a t  t he  top by two o f f - she l l  partons,  

and considerable  f l e x i b i l i t y  e x i s t s  i n  how t o  choose 

t h e  s t r u c t u r e  of t h a t  amplitude. The choice  described 

by Fig.9b corresponds,  i n  t he  interchange terminolo- 

gy, t o  a qq -+ MM s c a t t e r i n g  which would produce 

a conf igura t ion  i n  phase space s imi l a r  t o  t he  una- 

~ r n e d  mul t iper iphera l  model i f  t h e  masses of t h e  

:sons M were t o  be l imi ted .  However, us ing spec t r a  

~f masses f o r  t h e  two "meso& M can r e s u l t  i n  a f i l -  

l i n g  i n  of the cu r r en t  fragmentation regions and 

a d d i t i o n  of Pomeron exchange can f u r t h e r  populate 

t h e  vacant a r eas  of phase space i n  the  low-p 
1 ten- 

t r a l  regions ( F i g . 9 ~ ) .  Hence the  model i s  capable of 

a v a r i e t y  of responses depending upon the  t rend of 

t h e  data.  

3.5. - PARTON-FIREBALL HODEL [9 1. - Berger and Bran- 

son  [9]  envisage a two s t e p  process i n  which two 

f i r e b a l l s  of high-p a r e  produced by a mechanism es- 
I 

s e n t i a l l y  amounting t o  a d i r e c t  parton-parton in te-  

rac t ion .  From considera t ions  s imi l a r  t o  what I des- 

c r ibed  a s  t he  parent-child r e l a t i o n ,  t h e  f i r e b a l l  

produced i n  a s soc i a t ion  with an inc lus ive  t r i g g e r  

hadron of high pl has low mass ( i n  o rde r  t h a t  t h e  

i n e l a s t i c i t y  i n  the parton -t hadron t r a n s i t i o n  be 

low). The f i r e b a l l  on the  o the r  s i d e  has a l a r g e  mass. 

This p i c t u r e  i s  t he re fo re  i n  l i n e  with what d a t a  

e x i s t s  on associa ted  mul t ip l i c i t y .  Also, t he  predo- 

minance of heavy p a r t i c l e s  i n  t he  spectrum a l s o  

might be understood inasmuch a s  the  f i r e b a l l  compo- 

nents a l l  have roughly the same Y and hence p 

and K have the  h ighes t  momentum. The authors  gues- 

sed a p / ~ +  r a t i o  of 5 f o r  NAL condi t ions  of 

p /pmax~1 /2 ,  ins tead of the  observed 1. They fu r the r -  

more expected the  r a t i o  t o  be a sharply  r i s i n g  func- 

t i o n  of 2p /& . 
I 

3.6. - ONE-PION EXCHANGE.- Dremin [40] considers  a 

diagram s imi l a r  t o  f i g u r e  2 ,  with a h ighly  v i r t u a l  

pion exchanged in s t ead  of Y . The v i r t u a l  pion i s  

t r ea t ed  s imi l a r ly  t o  a v i r t u a l  photon, but because 

i t  has J=O the  exponent 8 i s  found in s t ead  of 4. 

Development of many of t h e  parton-fragmentation ideas  

can be found i n  t h i s  paper. The p rope r t i e s  of the  

f i n a l  s t a t e s  w i l l  be most s imi l a r  t o  t h e  kindergar- 

ten  par ton model. 

3.7.- MBELLER-REGGE DIAGRAMS AND THE COLEMAN PREPA- 

RATA MODEL[23,24].- I n  1969, Coleman Prepara ta  (and 

i n  q u i t e  a s imi l a r  way, L.P. Yu) invented a par tbn  

model f o r  deep- inelas t ic  s c a t t e r i n g  which accounts 

f o r  s ca l ing ,  and a l s o  is  capable of providing a Muel- 

ler-Regge framework f o r  d iscuss ing inc lus ive  spec t r a ,  

including t h e  d i f f i c u l t  current-fragmentation regions.  

The diagrams a r e  shown i n  f i g u r e  10. 

pornerons 5 

" P P 

Mlxed Pornerons 
Reggeons 

C 

-- Current Pornerons . Reggeons 

i 
P 

Fig.10 - Mueller-Regge diagrams i n  the  Coleman-Pre- 
pa ra t a  model.(a) Deep-inelastic e lec t roproduct ion .  
(b)  pp s c a t t e r i n g  v i a  photon and Pomeron exchange, 
a s  i n  Fig.2. ( c )  General Mueller-Regge t r ee  appropriate 
t o  the desc r ip t ion  of hadron f i n a l  s t a t e s  i n  high-p 
processes f o r  any case  i n  which a l l  allowed phase I 

space regions (Fig.7) a r e  f i l l e d  and short-range cor- 
r e l a t i o n  assumedi 

27 
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Rapidi ty  i s  measured i n  t he  v e r t i c a l  d i r e c t i o n  and 

the  fragmentation regions  now become ve r t i ce s .  The 

r u l e s  f o r  c a l c u l a t i o n  sound crazy : 

( i )  The quarks i n  propagator l i n e s  have very large  

mass. 

( i i )  The quark mass i s  s e t  t o  zero  i n  t he  ve r t i ce s .  

( i i i )  The Regge t r a j e c t o r y  f o r  the  cu r r en t  region 

i s  f l a t  and i ts  i n t e r c e p t  s e t  t o  uni ty ,  i n  order  t o  

ob ta in  scaling.  

The inc lus ive  d i s t r i b u t i o n  funct ions  a r e  generated 

from these  s t r u c t u r e s  i n  the  same way a s  described 

by Mueller. This  may be genera l ized  t o  hadron c o l l i -  

s i o n s  a s  we d id  before by f i r s t  cons ider ing photon 

exchange i n  the  pp c o l l i s i o n .  Af t e r  doing the  ob- 

v ious  doubling and then adding the  pomeron exchange 

between cu r r en t  fragmentation regions ,  we g e t  Fig.  

lob. The ho r i zon ta l  Reggeons descr ibe  the  high-pL 

c u r r e n t  p la teau.  This  is the  bas i c  s t r u c t u r e  f o r  a 

Mueller-diagram approach t o  the  k indergar ten  model B. 

Other models can be s imi l a r ly  described i n  terms 

of a bas i c  Reggeon "tree" a s  shown i n  F i g . 1 0 ~ .  I 

th ink ,  i t  should be poss ib le  t o  develop a Mueller- 

Regge phenomenology along these  l i nes .  I n  f a c t ,  I 

w i l l  make the only t h e o r e t i c a l  p red ic t ion  t h a t  i s  

l i k e l y  t o  be c o r r e c t  : Prepara ta  w i l l  work a l l  t h i s  

ou t  i n  the  coming year. 

4.- INCLUSIVE PRODUCTION OF LEPTONS.- Electromagne- 

t i c  production of charged lepton-ant i lepton p a i r s  i n  

pp c o l l i s i o n s  i s  of prime importance i n  normalizing 

t h e  production of even more i n t e r e s t i n g  p a i r s ,  such 

a s  p + ~ p  o r  e+v emerging from decay of a w'. 
However t h e  phenomenon is of i n t e r e s t  independent of 

t ha t .  Among t h e  re levant  experiments a r e  

( 1 )  The o r i g i n a l  BNLColumbia experiment [25] : 

PU + p+ p- + anything a t  28 GeV/c. 

( 2 )  The CCR experiment [261 a t  the  ISR : 
+ - 

PP + e e + anything. 

(3) A lepton search  a t  IHEP [27] : pAe + 4 + 

anything. 

The standard of reference  f o r  t h e o r e t i c a l  cross- 

s e c t i o n  es t imates  is the  Drell-Yan [281 par ton model 

ca l cu l a t ion .  I n  t h l s  model, t he  protons a r e  replaced 

by beams of partons (quarks and ant iquarks)  whose 

momentum d i s t r i b u t i o n  a r e  determined from t h e  pheno- 

menology of deep- inelas t ic  e l e c t r o n  and neut r ino  

sca t t e r ing .  There a r e  s i x  such d i s t r i b u t i o n s  [29] t o  - - - 
determine (u ,d , s , u ,d , s ) .  The use fu l  experimental in-  

p u t s  a r e  the  two high-accuracy experiments on e p 

and e n s c a t t e r i n g  p lus  t he  evidence from neutr ino  

experimects t h a t  the  an t ipa r ton  con t r ibu t ion  a t  low 

and moderate w i s  small  (0.3 < VyN / UvN < 0.4). 

There i s  a need f o r  updated t h e o r e t i c a l  s tud ie s  

of t h i s  problem us ing the b e s t  information on par ton 

momentum d i s t r i b u t i o n s .  I know t h a t  F a r r a r  and J a f f e  

a r e  p re sen t ly  working on i t .  And the re  i s  r ecen t  

work by F i d l e r  [301 , of t he  Cambridge group. I w i l l  

follow a course  q u i t e  p a r a l l e l  to  F id i e r ' s .  The d i s -  

t r i b u t i o n s  a r e  defined a s  

and s a t i s f y  t he  sum r u l e s  

To proceed f u r t h e r ,  we use  the following assump- 

t ions .  

- - -  
1 )  For x < 0.3 ignore ( t o  f i r s t  order)  u ,  d ,  s, 

s ,  and determine u and d from data .  

2) For x < 0.1 ; take  the  d u a l i t y  choice [31,321 

- - - 
u = d = s = s  

- 
u - u  = 2 ( d - z ) .  

3 )  For x < 0.05 ex t r apo la t e ,  assuming (u-d)uW 
-a 

and VW2 -0.35 a s  w -t , , 

Tnese assumptions g ive  the  par ton f luxes  shown i n  

f i g u r e  11. 

Fig.11 - Rough es t imate  of f l ux  of par tons  i n  a 
p r o t ~ n a s  a funct ion  of t h e i r  i nve r se  l ong i tud ina l  
f r a c t i o n  fd = X-l. Notice t h a t  the  a r e a  between 
p(n h )  and p(iiX) d i s t r i b u t i o n s  i s  normalized t o  2(1,0) 
by the  sum rules .  
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The pointof  e l abo ra t ing  on a l l  t h i s  is  t o  empha- - 
s i z e  the  smallness and the  uncer ta in ty  of t h e  u 

f l u x  a t  moderate x . This i s  c r u c i a l  f o r  the  e s t i -  

mate of the  p-pair  cross-section.  - 
Furthermore, the  q f luxes  cannot be increased - 

without encountering t rouble  with lJ da ta  [33]. The 

curves  i n  f i g u r e  11 a l ready imply C(TN)/C(~JN) ~ 0 . 4 4 .  

An es t imate  of F i d l e r  i s  shown i n  f i gu re  12 using 

28 GeV data BNL 
Columbia 

\ + 

Mpc GeV 

Fig.12 - Muon-pair spec t r a  f o r  the  28 GeV experiment 
on pp -t p+p- + hadrons. The dashed curve i s  the es- 
t imate  of F i d l e r  us ing 3 quarks ; t he  s o l i d  curve 
i s  the  p red ic t ion  of the red,  white, and blue quark 
model. 

the  standard quark model. For the  red ,  white,  and 

blue quark model one should d iv ide  by an  add i t i ona l  

f a c t o r  three ,  a s  shown. I n  e i t h e r  case  the agreement 

i s  scarce ly  impressive. 

A t  t he  ISR, an upper l i m i t  on lepton-pair  produc- 

t i o n  has  been quoted by the  CCR group [261 . The 

expected Drell-Yan y i e l d  can again  be computed from 

the  par ton spec t r a  of f i gu re  11. I t  is shown i n  f i -  

gure 13. Considering the d i f f i c u l t y  of adequately 

accounting f o r  the  shape-and perhaps size-of the  BNL 

d a t a  us ing the  Drell-Yan model o r  i t s  e labora t ions ,  

I th ink a d i r e c t  ca l cu l a t ion  i s  more r e l i a b l e  than 

the  use  of t he  Drell-Yan dimensional s ca l ing ,  and 
2 

ex t r apo la t ion  i n  m /s  of t he  BNL data  t o  ISR 

energies  [34]. 

We see  t h a t  : 

(1 )  t he re  i s  no conf lgct  of t h e  model predic t ions  

\ 
CCR Lepton pair production 

Fig.13 - Limits on lepton-pair  production a s  repor- 
ted  by CCR, along with t h e o r e t i c a l  es t imates .  

Drell- Yon 

with the  ISR da t a ,  and 

10- 35 

( 2 )  ca re  must be taken with regard t o  the  de t ec t ion  
2 

eff ic iency.  According t o  t he  model, a t  small m / s  

the  lepton p a i r s  a r e  produced with a f l a t  r a p i d i t y  

spectrum, and most decay i n  t he  beam d i r ec t ions ,  

while t he  de t ec to r s  cover only l a r g e  cms angles.  

Anyone making b e t t e r  and more d e t a i l e d  ca l cu l a t ions  

than I present  here  ( they a r e  needed ! )  should pro- 

vide the f u l l  d i f f e r e n t i a l  spectrum f o r  t he  p a i r  

production. Also, from t h e  experimental  s i d e . i t  

would be more useful  t o  present t h e  l i m i t s  a s  a 

.... ', \ 
\ ':.. \, \ Red, white, and blue quark i .. 

. fk3 Quarks i, .... 
- \ ": 

j -... 
\ :. ' ' Extrapolated k2-7 \\\ \(from 28 GeV data 

.. \ .. \ \ 
.*... '\\ \ 

'\. I I 

do- 
bound on - ( a t  Bcm = 90°). Thi s  i s  a b e t t e r  

dm2 d y 
meeting-point between theory and experiinent. 

+ 
Limits on the mass of W- have been quoted by the  

10 20 ~ & e - ( ~ e v j  

CCR group, based on t h e i r  measurement of an upper 

l i m i t  f o r  t he  i na lus ive  e l ec t ron  spectrum i n  pp + * 
e + anything. I t  i s  based on the  ex t r apo la t ion  of 

the  28 GeV da ta  us ing the  Drell-Yan sca l ing  beha- 

v iou r ,  and i s  shown i n  t h e i r  cont r ibut ion .  Inasmuch 

a s  t he  Drell-Yan model i s  u n ~ e r t a i n  t o  a t  l e a s t  a 

f a c t o r  2 (perhaps 6 )  t h e  conclusions t o  be drawn 

must be handled with extreme care .  J a f f e  and Primack 

[36] have a l s o  considered l i m i t s  on t h e  neu t r a l  

mass i n  var ious  gauge theo r i e s  a s  a consequence of 

t h e  CCR bounds on lepton p a i r  production. They 
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a l s o  conclude t h a t  no l i m i t  can y e t  be s e t  on % , 
even wi th in  thc. Drell-Yan pic ture .  

A USSR group 1271 a t  IHEP has  reported l i m i t s  

on quas i -s table  heavy lepton production. They search 

f o r  heavy penet ra t ing  p a r t i c l e s  which l i v e  long 

enough t o  t r ave r se  the  muon channel emerging from 

an i n t e r n a l  t a r g e t  a t  t h e  Serpukhov machine. The 

muon channel conta ins  f i v e  gas  Cerenkov counters  t o  

s epa ra t e  any heavy leptons  from muons. The produc- 

t i o n  model again  uses t h e  BNL data  sca led  up B l a  

Drell-Yan. However, f o r  most of t h e i r  l i m i t s  they 

have f a c t o r s  lo2 - lo4 t o  spare  and the  es t imates  

t he re fo re  appear safe .  Their  l i m i t s  a r e  shown i n  

f i g u r e  14. 

Fig.14 - Region of mass-lifetime space f o r  charged 
heavy leptons  excluded by the  IHEP experiment. 

5.- MULTIPLE CORES : PHENOMENA AT HIGHER ENERGIES.- 

I f  the parent of the  high-pl hadrons i s  a parton (and 

perhaps even i f  it i s  not )  we may expect t h e  high-pl 

fragmentation region t o  be f i l l e d  up with a system 

of r e l a t i v e l y  high mass (M2 6 pl and mul t ip l i c i t y  

i .e .  a j e t  i21. The inc lus ive  cross-sec t ion  f o r  pro- 

duct ion  of j e t s  can  be estimated [3,5,35] from t h e  

parent-child r e l a t i o n ,  equation (1.41, provided t h e  

cascade of parent  t o  c h i l d  obeys Feynman sca l ing ,  

equat ion  (1.3). Guessing [2,37] g ( ~ ) ~ 2 ( 1 - x )  t o  be 

t h e  d i s t r i bu t ion - func t ion  f o r  f i nd ing  any hadron 

wi th  longi tudinal  f r a c t i o n  x , and taking n ~ 8 ,  g ives  

a r a t i o  jet/hadron - 5 0  - 100 ( a t  t he  same p ). I t  
I 

i s  therefore  a t t r a c t i v e  t o  search f o r  inc lus ive  pro- 

duc t ion  of j e t s  using a large-solid-angle hadron ca- 

lor imeter .  

To do t h i s  requi res  some c a r e  and understanding i n  

what a j e t  r e a l l y  i s  [351. Suppose the j e t  i s  compo- 

sed of "parton fragments", whose momentum d i s t r i bu -  

t i o n  follows the  orthodoxy of Feynman sca l ing  with 

a dx/x spectrum f o r  small  x . (This i s  i n  f a c t  

almost a s  op t imi s t i c  a s  one can be).  Then, while 

more thar. ha l f  the  energy goes,  on the average,  i n t o  

a small  angular cone surrounding the  j e t  a x i s ,  a 

s i g n i f i c a n t  p e r t  of t he  remaining missing energy 

( a  GeV o r  two) goes, on the average,  i n t o  l a rge  

angles .  For p w 5 GeV a t  0 = 903, a f u l l  s t e -  
I CM 

radian  of cms s o l i d  angle i s  required t o  ca t ch ,  

on the  average,  80% of the  j e t  energy. And i n s i d e  

t h a t  cone (on the  average) redide only 2 o r  3 char- 

ged p a r t i c l e s .  Nevertheless observat ion  of such j e t s  

and t h e i r  s t r u c t u r e  would ge t  us much c l o s e r  t o  t he  

hea r t  of t h e  dynamicsresponsible f o r  these  high-p I 
spect ra .  A very a t t r a c t i v e  p o s s i b i l i t y  l i e s  i n  t he  

simultaneous observat ion  of both j e t s ,  i n  which case  

i t  is  poss ib l e ,  i n  p r inc ip l e ,  t o  r econs t ruc t  t he  

kinematics ( s  and t )  of t he  two-body parton-parton 

( o r  parton - "meson" i n  t he  case  of t h e  interchange 

models) c o l l i s i o n s .  

While the  de t ec t ing  of co re s  has these  s e r ious  d i f -  

f i c u l t i e s  of experimental r e so lu t ion  a t  present  ener- 

g i e s ,  when one indulges i n  fu tur ism (ISABELLE, e tc .  

energies)  and considers  much l a r g e r  p the  20% 
l. ' 

accuracy of j e t  kinematics a t  5 GeV becomes 2% 

accuracy. C l ine ,  Halzen and Luthe [381 have co l l ec -  

ted  the  scraps  of evidence i n  favor  of high p 
I ( a  5 GeV) co re s  i n  cosmic ray  c o l l i s i o n s  a t  E SlOTeV, 

with c c o r e s / q o t  N This  y i e l d  could be ac- 

counted f o r  by an  ex t r apo la t ion  of present  da t a  us ing 

an  exponent of 4 i n  the  s ca l ing  law, Eq. ( l . l ) .  

While the  c r e d i b i l i t y  of such an ex t r apo la t ion  now 

seems low, ex t r apo la t ion  us ing an exponent of 8 may 

s t i l l  give a s i zeab le  y ie ld .  I n  any case  i t  i s  s t i l l  

fun t o  es t imate  the  hadron y i e l d  a t ,  say,  ECM , 
2000 GeV. I t ,  along with Hagedorn's exponent ia l ,  and 

the  BBK electromagnetic and weak con t r ibu t ions ,  

a r e  shown i n  f i g u r e  15. The weak and electromagnetic 

y i e ld s  should be good t o  an  order  of magnitude o r  

s o  from ECM v 200 GeV on upward. Only t h e  weak con- 

t r i b u t i o n  is a sharp funct ion  of energy ; i t  grows 

roughly l i n e a r l y  with \/II a t  small 
pl . 

6.- CONCLUSIONS.- There has been observed a l a rge  

y i e l d  of high-p hadrons ( 3  GeV < P < 9 GeV) i n  
1 l 2  

pp c o l l i s i o n s  (3000 G ~ V ~  > s > 200 GeV ), r e l a t i v e l y  

r i c h  i n  s t range p a r t i c l e s  and baryons. Although nor- 

mal iza t ions  between d i f f e r e n t  experiments may s t i l l  

be not determined t o  b e t t e r  than a f a c t o r  2, it is  

c l e a r  t h a t  t he  i nc lus ive  d i s t r i b u t i o n  does not obey 

dimensional s ca l ing ,  a s  i n  Eq. (1.21, and t h a t  if a 

sca l ing  law of the  form given i n  Eq.Cl.4) i s  a n  ap- 

p rop r i a t e  desc r ip t ion  of t h e  phenomenon then t h e  

exponent n is  N 8 . The onset  of such a conjectu- 
2 red sca l ing  then occurs a t  s  >, 200 GeV . 

The next b i g  s t e p  i n  understanding w i l l  come when 

the  s t r u c t u r e  of these  events  i s  observed i n  d e t a i l ,  
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Inclusive pmductimn of x0 
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Fig.15 - Estimated inc lus ive  production of hadrons 
a t  = 2000 GeV. 

Especia l ly  important t o  t e s t  a r e  the  t h ree  hypotheses 

described i n  s ec t ion  2 ,  dea l ing  with the coplanar i ty  

and j e t - s t ruc tu re  of the  events.  I f  these hypotheses 

a r e  not s a t i s f i e d ,  s t a t i s t i c a l  p i c t u r e s  of the  pro- 

duct ion  process  may be the most successful  i n t e rp re -  

t a t i o n  of t he  phenomenon. I f  t he  hypotheses a r e  sa- 

t i s f i e d ,  t he  parent-child r e l a t i o n .  Eq.(1.4), becomes 

of spec i a l  relevance. 

Then the  na tu ra l  question t o  ask would be. "What 

i s  the  u l t ima te  parent o r  grandparent of the high-p 
1 

hadrons we observe ?". 

Among the choices a r e  : 

a )  Quark-partons : T h i s  s u f f e r s  from two d i f f i c u l -  

t i e s .  The f i r s t  is  t h a t  dimensional s ca l ing  (n  = 4 ,  

not  8j i s  expected but no t  observed. The second is 

t h a t  many baryons a r e  observed but not  expected. The 

l a r g e  p/K+ r a t i o  impl ies  a s imi l a r ly  l a r g e  r a t i o  

i n  e+e- -+ hadrons. Th i s  may i n  f a c t  occur,  but i s  

more than a f a c t o r  10 out  of l i n e  with (admittedly 

poor qua l i t y )  a p r i o r i  t h e o r e t i c a l  e s t ima te s  [37]. 

b)  Other par tons  : According t o  t he  parton-model 

l o r e  about 50% of the hadron momentum is found i n  

neu t r a l  par tons ,  usual ly  assumed t o  be J r: 0 o r  

J = 1 gluons. J = 0 gluons i n t e r a c t i n g  v i a  J = 0 

exchange can provide t h e  exponent 8 . And the re  a r e  

advantages i n  having t h e  s t rong i n t e r a c t i o n s  r e s ide  

i n  very s t rong  t r i l i n e a r  couplings of t he  gluons 

with each o the r ,  with the  quarks bound r e l a t i v e l y  

weakly i n t o  t he  gluon f ab r i c .  Such a p i c tu re ,  a s  

emphasized by T.D. Lee, can account b e t t e r  f o r  the  

s ca l ing  behaviour observed i n  deep- inelas t ic  e l ec t ro -  

prcduction. But un le s s  the  gluons ca r ry  baryon-number 

(why not ?), i t  w i l l  be d i f f i c u l t  t o  understand the  

l a r g e  p / ~ +  r a t i o  observed a t  NAL . 
C )  Ordinary hadrons : T h i s  i s  the  view of t h e  

interchange-model which i n  f a c t  predic ted  the expo- 

nent n = 8 . However t he  l a rge  baryon y i e l d  may be 

a d i f f i c u l t y ,  and i n  p a r t i c u l a r  i t s  dependence on x 

and pL . Inasmuch, a s  the  mechanisms f o r  production 

of B and M a r e  s o  d i f f e r e n t  i n  t h i s  p i c t u r e  i t  

may be d i f f i c u l t  t o  account f o r  the  s t a b i l i t y  of the  

P/X+ r a t i o  with pl and s . The r a t i o  of baryons 

t o  mesons i n  the  i n i t i a l  s t a t e  is  a s t rong  funct ion  
2 2 

of pl/s . At l a rge  pL/s , most of the  i n i t i a l  ener- 

gy (where t he  baryon-number and no t  p ion cloud i s  

found) i s  converted t o  high-pL hadrons. I n  t h i s  c i r -  

cumstance the  r a t i o  B/M i n  t he  i n i t i a l  beams of 
2 

"hadrons" is a sharply  increas ing funct ion  of pl/s. 

The cross-sec t ion  q +B + q +B f a l l s  with increas ing 
2 

pl much f a s t e r  than t h a t  f o r  q+M + q+M, leading 

t o  a sharp decrease of t he  r a t i o  B/M with increa- 

s ing  p These two competing e f f e c t s  might lead  t o  
J. ' 

a p / ~ +  r a t i o  constant  f u m t i o n  of pl . Also the  

process q+q + B+: can provide an  exponent of 8 

f o r  baryons a s  wel l  a s  mesons. But s p e c i f i c  calcu- 

l a t i o n s  w i l l  c e r t a i n l y  be needed t o  b e t t e r  understand 

the problem. 

d )  Other,  new hadrons : May be t h i s  opt ion  is  un- 

l i k e l y ,  but it should not be overlooked. Suppose we 

produce some kind of charmed of colored  hadrons by 

an  associa ted  production mechanism : 

where, say,  

A i s  an  SU(3) 3 with B = 0 
B i s  an  SU(3) ' with B = 1 (6.2) 

and mg > mA , s o  t h a t  

followed by 

- 
A * hadrons, A -+ hadrons (7 << 1 0 - ~ ~ S e c  7). 

(6.4) 
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Fig.16 - Inclus ive  spec t r a  of conjec tured  new hadrons A andB . a )  At production. b)  Af ter  the  decay B + G p +  
hadrons. c )  Af t e r  the decay of A and A . 

At the  production s t age  the  inc lus ive  d i s t r i b u t i o n  An en thus i a s t  of t h i s  i n t e r p r e t a t i o n  may f ind  ins-  

could be a s  i n  f i g u r e  16a. Af t e r  B decays we have p i r a t i o n  i n  t he  Niu event (E N 10 TeV), observed i n  

f i g u r e  16b and a f t e r  A and decay, f i gu re  16c. Thus a cosmic-rays emulsion chamber experiment [391 and 

t h e  s i z e  and s t a b i l i t y  of t h e  p/7t+ r a t i o  and per- which has  c r ea t ed  a p r o l i f i c  l i t e r a t u r e  i n  Progress  

haps the  threshold  a t  s IV 200 G ~ V &  a r e  i n t e rp re t ed  

e a s i l y  from t h i s  point  of view. But the main message 

is  t h a t  i f  one observes the  i nc lus ive  d i s t r i b u t i o n  

o f  t he  e n t i r e  group ( o r  j e t )  of hadrons, t r i gge r ing  

on i t s  t o t a l  pl , t he  composition of the  spectrum 

would be dominated by the  A and B . Therefore i t  

w i l l  be important t o  examine i n  d e t a i l  t he  s t r u c t u r e  

of t hese  j e t s  o r  p a r t i c l e  c l u s t e r s  (mass d i s t r i b u -  

t i o n s ,  composition, e t c ) .  

of Theore t ica l  Physics  on associa ted  production me- 

chanisms and models of hadron subs t ructure .  

Of a l l  these  p i c t u r e s ,  something along the  l i n e s  

of t he  interchange model appears most credible .  Per- 

haps i t s  most d i s t i ngu i sh ing  f e a t u r e  i s  t h a t  a t  a 

given pl, t he  r a t i o  of t he  i nc lus ive  spectrum of 

h igh-mul t ip l ic i ty  j e t s  t o  t h e  single-hadron inc lus ive  

spectrum is -  1 and not  -100 a s  i n  a parton j e t  pic- 

ture .  
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