
ABSTMCT: Recent experimntal data and theoretical developments on the 

production of lepton pairs in tadron collisions are reviewed. With emphasis 

on the interplay between theory and experiment, the relevance of theoretical 

~Blculations to the data svailable at present energies is critically examined. 

The Drell-Yan mechanism is found to be phenomenologically dominant provided 

that the parton distribution functions contain effects of gluon radiation in 

a narrow cone. Explicit ?CD perturbative calculations of the non-Drell-Yan 

type yield results that are apparently important at large transverse momenta, 

but are contradicted by s~bsequent data at 400 GeV and below. A consistent 

picture in the parton mod21 is sketched. Further experiments to probe the 

basic mechanism are suggested. 
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a 
PREAMBLE -. -- 

The contents of this review are influenced strongly-by the experimental 

papers presented during the lepton-pair session and by the recent theoretical 

development in the framework of QCD. No effort toward completeness has been 

attempted. On the whole this review covers the development of the subject 

since summer 1977. For earlier work and for basic kinematics, reference to, 

for example, the review articles ') of Shochet (experimental) and Craigie 

(theoretical) is suggested. Details of important recent data and theoretical 

investigations relevant to our arguments in this paper are to be found in the 

nrticles by Pilcher, Lederman, and Sachrajda, contained in these proceedings. 

I. INTRODUCTION 

Lepton pair production in hadronic collisions has recently been the subject 

of intensive investigation both experimentally and theoretically. While 

many reasons can te given for the high level of interest in che subject, one 

single underlying themc seems to be that through the detection of dileptons 

in tadronic collis.ions one is given a direct access to a picture of the 

constituent structure of the hadrons. Deep inelastic leptoproduction has 

beer. the standard approach for nearly a decade, but it is limited to the 

nucleons and is hard to reach highinomentum-transfers. Semi-inclusive lepto- 

prodiction can provide some more information about the constituents but at 

the price of involving the quark fragmentation functions. Similar drawback 

is present in large-pT inclusive reactions, while in small-pT processes there. . 
are other complications that are not well understood. In lepton pair produc- 

- tion many kinematical variables are readily accessible to experimental control, 

which can therefore be tuned to map out the parton distribution functions. 

Theoretically, it is also a fertile ground for testing the predictions of 

quantum ctiromodynamics (QCD).. Indeed, it is the possibility of a high degree , 

' of interplay between theory and experiment that has perhaps stimulated the 

. recent activities in this subject. 

'. :-- . :An inclusive reaction in hadron-hadron collisions in wh'ich only a pair of 
' 

leptons is detectcd depends in total seven independent variables, They are 

.:. ' ( 1 )  the initial c.m. energy squared s; (2) the invariant mass of the lepton 

.i. . 
, -  a 1; ( 3 )  the rapidity y or Fey-man variable xF of the lepton pair; 
;E>,::+ , . . ,  
:!:A!; ;...! 4 )  the transverse momentum qT of the lepton pair; (5) the angle 0 of the .. . , . . . 
I.,<::*> . 
I . .  . . .a i.:. . . ' . . . 

4;;::. . ' . . " i".:' i ." ."  g$;;$;~ : .;,; ' ', .. ' ,,,yo . 
,.I .., ..t' . . 

leptons in the lepton rest frame in either the Gottfried-Jackson or helicit9 

coordinate system; ( 6 )  nature of the beam particle; and (7) nature of the 

target. A complete description of the inclusive cross section would require 

the use of a multidimensional space. However, most of the essential features 

of the lepton-pair production (LPP) process can be conveyed by the description 

of how do/dMdy and <qT> separately depend on M, s, and y. This is a 2 x 3 

matrix of data presentation which we shall go through systematically in this 

review. We shall separately discuss the be m and target dependences first. t Angular distribution in 8 as well as other topics will be considered at the 

very end. 

Contrasting do/dMdy against <qT> , it should be remarked that the former 
is an inclusive cross section integrated over qT'and therefore represents 

the bulk of the cross section. On the other hand, <qT>, or more explicitly, 

do/dMdydqT, contains infc.rmation pertaining to the rarer events at large qT.. 

As is common in hadronic reactions, certain dynamical features that are 

manifest in rare events are washed out in the integrated results so that the 

mechanism responsible for the dominant features may be quite different from 

the physics governing the reactions in some fringe regions of phase space. 

For that reason we shall separate the discussion of the bulk cross sections 

from that of the qT dependence. As it turms out, the former is far less 
' 

controversial; consequently, we shall be brief. It is the latter that will 

occupy most of our attention. 

Theoretical understanding of the LPP process is not on firm ground because 

many of the well-tested techniques useful in deep inelastic scattering, such 

as short-distance expansion and light-cone dominance, 2, are not applicable 
' 

to LPP. The quark-antiquark annihilation mechanism of Drell and Yan 3, has . 

been amazingly successful even though the reason for its guccess has been 

unclear, at least not uncil very recently. Th'e Drell-Yan mechanism is con- 
' 

structed in the framework of the naive quark-parton model, 4, which in its ' 

oxm right is in need of modification to account for such effects ns scnling 

violation. Sonie progress has been made in the past few months to elucidate 

the dominance of the Drell-Yan mechanism in the context of QCD, which is the 

only candidate theory of strong interaction at the constituent level. While 

many QCD diagrams are found in perturbative calculations to fall into the 

general category of Drel'l-Yan type annihilation process, there are kiaematical 

.regions in which they remain distinctly as non-Drell-Yan type diagrams. Since 

QCD itself, having no intrinsic scale, cannot specify those regions a priori, 
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only phenomenology can determine where certain QCD diagrams are important. It 

is one of the aims of this review to make that phenomenological analysis and 

assess to what extent QCD has be&n tested in LPP. 

There are, of course, a number of other models which claim to fit the LPP 

iata. One cf t:xm is based on the constituent interchange model 5, (CIM), 

whose results azree remarkably well with all the data considered, when para- 

meters determinzd.in large-pT reactions are used. IJhether the agreement is 

maintained in vikw oB the recent changes of the data both in LPP 6, and in 

large-p* processes 7i remains to be seen. Although the success of CIEl in 

L?P processes s'2ould not be overlooked, it will not be pursued further in 

this review. 12terested readers are referred to Ref. 5). Another model 

discussed at this meeting *) is thermodynamic in character and emphasizes 

t5e relationship between the production of hadrons and dibePtons. Because 

it de-emphasizes the role played by the virtual photon, one expects it to 
+ - 

have difficulty explaining the charge-dependent data, such as the n to n 

beam ratio at high mass LPP. Again, we shall not return to this model in 

the remainder of this review. 

Except for the nsxt section where we shall discuss the theoretical basis 

for the DreP1-Yan mechanism, attempts will be made in all subsequent sections 

to maximize the interplay between theory and experiment. Not all data will 

be discussed, .obviously. We shall selectively present only the data that are 

relevant to some theoretical issues. On the whole we shall follow an outline 

which goes thrsugh the 2 x 3 matrix of data presentation mentioned earlier. 

Present technology in QCD is inadequate to answer fully the question of 
Drell-Yan dominance. h e  outstanding difficulty is the question of 

interaction among the spectator partons of the trio hadrons. There must be 

such interactions at some level if the final state hadrons are all colour 

singlets. The initial and final state interactions can ruin ~rell- an's 
factorizable form for direct quark-antiquark annihilation. The problem is 

difficult to handle in QCD because the hadronic wave functions are involved 

which cannot be treated precisely so far. In Regge theory some .statement 

can be made: all the Pomeron exchange terms cancel. Its relevance to 

the parton picture is, however, not'at all clear. In the literature on 

partons and QCD all complications related to the spectator interactions have 

been ignored, as they were in the original work of Drell and Yan. 3 

What one can do in QCD is to calculate perturbatively the gluon correc- 

tions to the Drell-Yan process. Some of the low-order diagrams are shown 

in Fig. 2.1. 

11. THE DRELL-YAN MEXANISPl 

How much can we believe in the Drell-Yan mechanism 3, as the dominant 

process in LPP? If this is a theoretical question, it can be answered only 

within the Iran.ework of some theory, and QCD is the only one available, which 

is what will be discussed below. If it is a phenomenological question, then 

the answer resides in checking whether the parton momentun distributions in 

LFP assuming t?.e Drcll-Yan mechanism are consisient with those in DIS (deep 

inelastic scattering). This aspect of the quark parton model will be con- 

sidered in Sect ion VII, after the theoretical and other phenomenological 

questions about LPP are settled. 

FIG. 2.1 

In these, diagrams the heavy, light, dashed, and wavy lines represent hadrons, 

quarks (q) [or antiquarks (i)], gluons (g), and virtual photons, respectively. 

The bubbles represent the intrinsic parton distributions in the hadrons, 
2. containing all the low Q confinement effects (such as the Fermi motion of 

the partons) that are not calculable in perturbation theory in QCD. It was 

sbo~n by ~olitzer lo) (for the initial partons being qq) and by Sachrajda 1 1 )  

2 (For the partons being qg, qq, and gg) in the leading log Q calculations 
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2 
t h t  two h p o r t a n t  phenomena occur a t  high Q . One i s  t h a t  t he  contribution 

oE a l l  the  diagrams i n  Fig .  2.1 t o  LPP can be put i n  a  f a c t o r i z a b l e  form so  
2  t h a t  the  Q dependence can be absorbed i n t o  the  hadronic s t r u c t u r e  funct ion  

as  shown i n  Pig. 2.2. Thus i n  t he  leading log  app rox ima t i~n  t h e  Drell-Yan 

FIG. 2.2 

2  
form i s  recover2d. 1 2 '  blareover, t he  log  Q dependence of the  s t r u c t u r e  

functions i n  Fig. 2 . 2  ( indica ted  by the  cross-hatched bubbles) i s  exac t ly  

the same a s  thah f o r  e lec t roproduct ion  ( i n  leading log) with Q~ = l q2 (  i n  

both cases.  These Ecatures of QCD con t r ibu te  p a r t i a l l y  t c  an explanation 

of why the Drell-Yan ~nechanism seems to  work b e t t e r  than cne would naively  

expect,  a s  we s h a l l  see  i n  t h e  following sec t ions .  

The ca l cu l a t ions  r e f e r r ed  t o  above a re  done by studying low order  

diagrams i n  pe r tu rba t ion  theory.  One could with good reaEons ask  about t he  

importance of the higher-order gluon-correction terms. S ~ c h  contr ibut ions  

a r e  hard to  c a l c u l a t e  even i n  leading log  approximation, ~ i n c e  i t  involves 
-2 2 2  -2 2  

power s e r i e s  i n  g (Q ) log Q where g  (Q ) i s  t he  square of t he  running 

coupling constant  I3) l4)  t h a t  v a r i e s  i nve r se ly  a s  log  Q2; thus each order  

i n  pe r tu rba t ion  theory g ives  a  comparable contr ibut ion  t o  the  correc t ion  . 
terms. Amaci, Pet ronzio  and Veneziano 15) have developed a  method f o r  

studying the  problem, which pronlises t o  be able  t o  genera l ize  the  Po l i t ze r -  

Sachrajda r e s u l t  t o  higher orders .  

There i s  then a l s o  t h e  ques t ion  of non-leading log  terms. It should 

be recognized tha t  a  power of l o g  Q2 i s  developed each t i n e  an i n t e r n a l  l i n e  

of a  t r e e  diagram (with ve r t ex  and propagator i n s e r t i o n s )  i s  nea r ly  on mass 

she l l .  16) I t  means t h a t  f o r  hard gluon r a d i a t i o n  the  quark and emitted 

gluon must be r.early c o l l i n e a r .  Thus in' the  leading log  approximation a l l  

quarks and h a r t  gluons must be r e s t r i c t e d  t o  a  forward cone with a  small ha l f -  * 
angle 6 .  I n  o the r  words, t he  t ransverse  momenta kT of t h e  par tons  a r e  

- * . : WO she l l  r e f e r  t o  t h i s  i n  t he  following as the  "narrow" gluon co r r ec t ion .  

l imi ted:  

2  
kT < E Q2 

where E i s  a  f ixed small  number. This inequal i ty  a r i s e s  becasue i n  an 
2 2  2  i n t eg ra t ion  of dkT/kT from p2 t o  Q . i t  i s  t h e  lower por t ion  from p2 t o  EQ 2  

2  2 t h a t  g ives  r i s e  t o  l og  Q /p . Indeed, f o r  a  r e l a t e d  reason, t he  j e t  s t r u c t u r e  
. + -  
i n  e  e  ann ih i l a t i on  i s  a l s o  described i n  terms of cones. I 7 j  NOW,  i f  a  

parton (quark o r  gluon) i n  a  c e r t a i n  QCD diagram i s  forced t o  have a  l a r g e  

kT, such a s  i n  a  process i n  which a  l a r g e  qT d i l ep ton  i s  de t ec t ed ,  then one 
2  

of the  in ternal .  I.ines must be f a r  off s h e l l ,  and one lo ses  a  power of log  Q . 
Such terms a r e  not  included i n  the leading log  computation, and one must 

ca l cu l a t e  s epa ra t e ly  and e x p l i c i t l y  hard-scat ter ing  diagrams. There can, 

of course,  s t i l l  be f u r t h e r  gluon co r r ec t ions  t o  t hc  bas i c  hard-scat ter ing  

subprocess. Again, i n  leading log  approximation ( i . e .  c o l l i n e a r  gluon 

emission) of low-order diagrams Sachrajda shows i n  a  s epa ra t e  paper 18) t h a t  

the e f f e c t s  of narrow gluon co r r ec t ions  t o  a  hard-scat ter ing  process a r e  

a l so  f ac to r i zab le  and can be absorbed i n t o  t he  d i s t r i b u t i o n  (or  fragnientation) 

funct ions  f o r  the  i n i t i a l  (or  f i n a l )  par tons  undergoing t h e  hard c o l l i s i o n .  

The impl ica t ion  f o r  LPP i s  then t h a t  when a  de tec ted  lepton-pair  has a  l a r g e  
2  qT, say,  of order  Q ~ ,  one should ca l cu l a t e  e x p l i c i t l y  the  Born diagrams, i . e .  

second t o  f i f t h ,  i n  Fig.  2.1 with the  bubbles cross-hatched a s  i n  Pig.  2.2 
2  so  t h a t  t he  Q and small k  dependences due t o  the narrow gluon co r r ec t ions  T 

can be taken i n t o  account. The l a s t  t h r ee  diagrams of Fig.  2.1 a r e  thereby 

automatically taken i n t o  account i f  t he  gluons a r e  near mass s h e l l .  

I n  t he  i nves t iga t ion  bf t he  f a c t o r i z a t i o n  ques t ion  i n  pe r tu rba t ion  

theory 1 0 ) 1 1 ) 1 5 ) 1 8 )  i t  i s  the  i n t eg ra t ed  c ros s  s ec t ion  ( in t eg ra t ed  pver kT of ' 

2 a l l  narrow gluon co r r ec t ions )  t h a t  i s  s tudied .  The r e s u l t i n g  Q dependence 

of t he  s t r u c t u r e  function i s  then found t o  be the  same ( i n  lending log)  a s  

f o r  vW2. It has not  been pbss ib l e  t o  determine what the kT dependence i s  
2  of t he  d i s t r i b u t i o n  funct ion  G(x, kT, Q ) before  the  i n t e g r a t i o n  over kT. 

That dependence i s ,  of course,  of c r u c i a l  importance t o  the  c a l c u l a t i o n  of 

cq > espec i a l ly  f o r  the  d i r e c t  qq ann ih i l a t i on  process of Drell-Yan. I n  the T 
absence of any d e f i n i t i v e  predic t ion  i n  QCD and in  a n t i c i p a t i o n  of t he  

phenomenology t o  follow, l e t  me i d e n t i f y  two components of par ton  kT i n  
2 G(x, kT, Q ), t he  meaningfulness of which i s  only a conjec ture  a t  t h i s  point .  

One i s  the  i n t r i n s i c  component <kT>o usual ly  taken t o  t he  roughly 300 MeV/c. 

It i s  due t o  t he  Fermi motion o r  binding e f f e c t s  i n  the  hadron, probably 
2  independent of Q but may depend on x. 19)20)  The o the r  component, 
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<i > 
T narrov' is due to hard gluon bremsstrahlung in a narrov cone; it can be 

q2 dependent but at mcst to the cxtent cf (2.1). How small E is or how 

narrow the cone ;s car-not be answered within QCD. An estimate of 10' to 15' 

by Steman and Weinberg 17) for jets in e+e- annihilation i; not unreasonable 

here. The two componcnts collectively form the hadronic <kT>had which is an 

estimate of the total transverse spread of the momenta of the partons in a 

hadron with gluon interactions as probed by deep inelastic scattering. The 

corresponding distribution function G(x, kT, Q2) is to be used in any parton- 

model calculation that needs a description of the supply of partons in a 

hadron. 

For LPP with "sm.%llU values of qT, i.e. not much great=r than <I< > T had' 
Drell-Yan picture applies, provided that the above G(x, kT. Q2) is used. 

For significantl:~ "larger" qT the Drell-Yan mechanism cannot be trusted, so 

explicit non-Drell-Yon type diagrams must be calculated. I~deed, to test 

somc clean predictions of QCD it is necessary to go outside the hadronic 
2 

("small") region. Since QCD in itself toes not provide the range of <kT>had, 

only phenomenolo~y con determine tihere 'small" qT ends and rhere "large" 

qT begins. sisnificant portion of our discussion later on will be 

addressed to this problem. 

For now we x e d  some theoretical framework in which to begin discussing 

the data. Since the qT distribution of the dilepton cross section falls off 

rapidly with increasing qT, thc bulk of the cross section at present energies 

is in thc region where the hadronic kT Is mainly responsible for the qT. 

(Some aspect of the phenomenological conclusion to be reached later on has 

been used in making the last statement.: Thus we shall adcpt as our working 

hypothesis that for the integrated (ovez qT) cross section, do/dMdy, the 

Drell-Yan mechanism dominates. For <qTi, on the other hanc, or more 
2 particularly for do/dEldydqT, weleave it as an open question to be examined 

in detail. 

For later use let us collect here some equations expressing the Drell- 

Yan-process in various ways. !,re include the color factor 113, and use 

G E * ~  (p,k,q) to denote the distribution function for a quark (or antiquark) 

of flavor f (or i) in a hadron h. It dapends on the invariants built out. 
2 1: of the momenra cf the hadron p, parton 4, and photon q. The inclusive 

cross section in the Drell-Yan approximtion is 

where ef is the charge of the quark of flavor f in unit of e. If kT is 
-t 

ignored and q integrated, then (2.2) yields 

where 

r = 181s 

Pinally, if the lepton pair is detected at y = 0, we have 

where x - d? . 

111. TARGET'AND BEAM DEPENDENCES 

Most experiments on LPP are done using nuclear targets. The dependence 

of the cross section on the atomic number of the target may be parametrized 

as 

The variation of a(M) with M is shown in Fig. 3.1 with data from various 

experiments 22)-27) using both proton and pion beams. It is evident that 

for M > 3 GeV the dependence on A is nearly linear, signifying incohcrence 

af scatterings from individual nucleons. Under such circumstances one can 

admit the possibility of the Drell-Yan mechanism to work since impulse 
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.approxi$ation cannot be ru l ed  ou t .  B 3 t  f o r  M S 3 GeV, a dev ia t e s  s i g n i f i c a n c i  

.from one, so t he  nuclear  coherence a n i  r e s c a t t e r i n g  e f f e c t s  a r e  no t  neg l ig ib l e  

The impulse approximation needed f o r  the parton model i s  then not j u s t i f i e d .  

Thus the Drell-Yan mechanism should n > t  be applied t o  LPP with M 5 3 GeV; 

f a i l u r e  of the  Drell-Yan formula t o  azcount f o r  da/dM i n  t h a t  region i s  

the'ref o re  not .unexp?cted. 28) '29)  I n  t h e  following we s h a l l  not at tempt t o  

i n t e r p r e t  the  da t a  f o r  M 5 3 Gel1 when nuclear  t a r g e t s  a r e  used. We await  

with g rea t  i n t e r e s t  t h e  r e s u l t s  from ISR 30) in. t h a t  mass region,  e spec i a l ly  

when t h e  s t a t i s t i c s  can be  improved. 

The dependence on the  beam type i s  a s  dramatic a s  i t  i s  e f f e c t i v e  i n  

i l l u s t r a t i n g  t h e  u t i l i t y  of t he  simpl- quark-parton model and t h e  genera l  

v a l i d i t y  of t he  Drell-Yan mechanism. Consider the  c ros s  s ec t ions  f o r  a n t i -  

. proton vs.  pr3ton b a n s .  An an:iproton has much more ant iquarks  a t  l a r g e  x 

than does a proton, so the qq a n n i h i l a t i o n  process a t  l a rge  T ( thus  involving 

l a rge  x partons) i s  much more enhance.3 f o r  the p a s  compered t o  the  p beams. 

One therefore  cxpects  o ( p ) / ~ ( p )  t o  i n - r ease  s i g n i f i c a n t l y  with T. The beam 

dump experiment a t  CERN SPS with R spectrometer v e r i f i e s  t h i s  increase  

desp i t e  t h e i r  poor s t a t i s t i c s .  S imi lar  s i t u a t i o n  i s  t r u e  f o r  o(n) when 

compared t o  o(p) ,  a s  shobm i n  Fig.  3.1; 31)32)  a r a t i o  of 330 was repor ted  

by P i l che r  f o r  M = 10.5 GeV a t  pbeam = 225 &v/c. 

x Ret 22 
o Ref. 23 

I Ret.24 
Ref, 25 

PIG. 3.1 PIG. 3.2 

h o t h e r  aspect  of the  quark-partpn mndcl (QP?I) conccming cllc c l~a rges  

of the cons t i t uen t s  i s  a l s o  t e s t ed  i n  LPP i f  one examines the  u(n+)/o(n-) 

r a t i o  f o r  i s o s c a l a r  t a rge t s .  The valence quarks of n+ a re  u i ,  while thosc 

'of 1- a r e  d;. The ann ih i l a t i on  of t he  antiquarks with the  corrcspondinp, 

quarks i n  a nucleon a t  l a rge  x should lead  t o  a r a t i o  of the squares of the 

charges e2 / e2  Thus one expects o(n+)/a(n-) t o  approach 114 as  .r -, I .  This 
d u' 

i s  v e r i f i e d  by t h e  recent da t a  2 5 ) s 2 6 ) y 3 1 )  a s  shown i n  Fig.  3.3. 

One must conclude here  t h a t  the Drell-Yan mecl~anism i s  operative f o r  

the major p a r t  of the  i n t eg ra t ed  cross  s ec t ions .  

FIG. 3.3 

I V .  THE INCLUSIVE CROSS SECTION do/dlldy 

We now consider the bulk of t he  cross  s ec t ion  do/dEidy ( in t eg ra t ed  over 

qT) and discuss  i t s  dependences on M, s  and y i n  t h a t  order .  As we have 

argued i n  Section 11, f o r  the i n t eg ra t ed  cross  s ec t ion  we s h a l l  thialc i n  

the framework of the  Drell-Yan process whenever necessary.  IJe s h a l l  see  t h a t  

the data  o f f e r  no c r i t i c a l  t e s t  of t he  model and can be r e a d i l y  accommodated 

by i t . .  

A t  f ixed y, p a r t i c u l a r l y  a t  y = 0, the  dependence of the cross  s ec t ion  
' .  on M has been wel l  measured up t o  M : 14 GeV both f o r  proton 61.27) and 

pion beams. 2 6 )  Because of the  unknowns contained i n  (2.71, the data  by 

themselves cannot provide a p rec i se  check on the v a l i d i t y  of the Drell-Yan 
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I V .  THE INCLUSIVE CROSS SECTION do/dlldy 
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pi.occss. In fact, the CFS data 6, have been used in conjunction with W2 tq 

determine the antiquark distribution; depending on what is used, a number of 

fits are pdssible. 6)'33)'34) Based on tke q and q distributions of the protdn 
so' determined, m e  could then use the CP data 26) to map out :he parton dist- 

ributions of the pion, a result that will surely be forthcomiag before long. 

The dependence on the beam energy has also been studicd by both the CP 

and CFS groups. 24; y27) Fig. 4.1 shows the result for proton beam at y = 0. 27) 

To exhibit scaling thc data at y = 0.2 have been plotted in terms of the dimen- 
2 sionless quantity N d /dGdy versus A, as in Fig. 4.2. One secs that the 

data satisfy scaling amazingly well - in fact, almost too well for comfort. 
According Lo (2.7) and disregarding the small value of y, the quantity plotted 

shouId be a function only of G, or x, except for the scaling violating M 2 

de7endences (hence s dependences for fixed T) of the parton dcstribution 

functions, which are not negligible for the range of s explored. However, 

FIG. 4.1 FIG. 4.2 

we kcow from v\J2 probed in deep inelastic leptoproduction 35) that the scaling 

violation of the structure function has a pivotal point at x = 0.2 and that 
2 for x > 0.2 it decreases with increasing Q . qualitatively, chis feature is 

preserved in the data shown in Fig. 4.2 if one identifies x = 6, although 
an exact parallel is not expected since the quark and antiquark distributions 

(having different behaviours of scaling violation at large x) appear multip- 

licatively in LPP but additively in DIS (deep inelastic scattering).. 

There are also some data from ISR 36) at & from 28 to:62 GeV. 
3 ~ltt~.cugh the error bars are large, their values for M do/dMdy at y = 0 for : 

. . 

from 0.08 to 0.25 are in general agreement with,the CFS data.. Thus on the 

whole'one can say that scaling seems to work rather'wcll in LPP. 

The y or xF dependence'of the cross section for various bins of E.1 values 
26) ,27)' greater than 3 GeV is now also known from .the CP and CFS experiments. . 

, 

Because of the extra q content in the pion, the x dependences are expected to , F 
be quite different for the n and p induced cross cectiona. The new CP data . 

ought to be able to put enough constraints on the Drell-Yan formula (2.2) to 

determine the parton distribution functions for the pion. 

In using the large xF data one &st be careful about kinematical ' 

' 

limitations since the annihilating quarks and antiquarks m y  not originate 

from separate hadrons as in the usual Drell-Yan picture, but from the same 

hadron. 37) In that case che qq annihilation process is then closely related 
to the qq recombinatiqn process 38) responsible for the production of mesons 

at large xF. 39)-42) The ratio of lepton-pair'to no or p0 production at la;ge 

xF with nucleon target should.then provide a direct clue to the recombination 

function. 

, The CFS data also show.the y distribution for both positive and negative 

values of y. - The asymmetry shown in Fig. 4.3 for 6 between 0.2 and 0.25 is 
at first sight larger than is anticipated from the use of nuclear targets. 



pi.occss. In fact, the CFS data 6, have been used in conjunction with W2 tq 

determine the antiquark distribution; depending on what is used, a number of 

fits are pdssible. 6)'33)'34) Based on tke q and q distributions of the protdn 
so' determined, m e  could then use the CP data 26) to map out :he parton dist- 

ributions of the pion, a result that will surely be forthcomiag before long. 

The dependence on the beam energy has also been studicd by both the CP 

and CFS groups. 24; y27) Fig. 4.1 shows the result for proton beam at y = 0. 27) 

To exhibit scaling thc data at y = 0.2 have been plotted in terms of the dimen- 
2 sionless quantity N d /dGdy versus A, as in Fig. 4.2. One secs that the 

data satisfy scaling amazingly well - in fact, almost too well for comfort. 
According Lo (2.7) and disregarding the small value of y, the quantity plotted 

shouId be a function only of G, or x, except for the scaling violating M 2 

de7endences (hence s dependences for fixed T) of the parton dcstribution 

functions, which are not negligible for the range of s explored. However, 

FIG. 4.1 FIG. 4.2 

we kcow from v\J2 probed in deep inelastic leptoproduction 35) that the scaling 

violation of the structure function has a pivotal point at x = 0.2 and that 
2 for x > 0.2 it decreases with increasing Q . qualitatively, chis feature is 

preserved in the data shown in Fig. 4.2 if one identifies x = 6, although 
an exact parallel is not expected since the quark and antiquark distributions 

(having different behaviours of scaling violation at large x) appear multip- 

licatively in LPP but additively in DIS (deep inelastic scattering).. 

There are also some data from ISR 36) at & from 28 to:62 GeV. 
3 ~ltt~.cugh the error bars are large, their values for M do/dMdy at y = 0 for : 

. . 

from 0.08 to 0.25 are in general agreement with,the CFS data.. Thus on the 

whole'one can say that scaling seems to work rather'wcll in LPP. 

The y or xF dependence'of the cross section for various bins of E.1 values 
26) ,27)' greater than 3 GeV is now also known from .the CP and CFS experiments. . 

, 

Because of the extra q content in the pion, the x dependences are expected to , F 
be quite different for the n and p induced cross cectiona. The new CP data . 

ought to be able to put enough constraints on the Drell-Yan formula (2.2) to 

determine the parton distribution functions for the pion. 

In using the large xF data one &st be careful about kinematical ' 

' 

limitations since the annihilating quarks and antiquarks m y  not originate 

from separate hadrons as in the usual Drell-Yan picture, but from the same 

hadron. 37) In that case che qq annihilation process is then closely related 
to the qq recombinatiqn process 38) responsible for the production of mesons 

at large xF. 39)-42) The ratio of lepton-pair'to no or p0 production at la;ge 

xF with nucleon target should.then provide a direct clue to the recombination 

function. 

, The CFS data also show.the y distribution for both positive and negative 

values of y. - The asymmetry shown in Fig. 4.3 for 6 between 0.2 and 0.25 is 
at first sight larger than is anticipated from the use of nuclear targets. 



Mowaver, a  quick es t imate  can be made i f ,  f o r  extreme s imp l i c i t y ,  we assme 

that  a11 quark d i s t r i b u t i o n s  a r e  a l i k e  i n  protons a s  wel l  a s  i n  neutrons,  and 

s imi l a r ly  f o r  a l l  ant iquark  d i s t r i b u t i o n s .  Since no a s ) m e t r y  can a r i s e  when 

the beam proton s t r i k e s  a  proton i n  t he  t a rge t ,  we need only consider the  pn 

co l l i s ion .  *Counting the  squares of t he  charges only, or. the  proton s ide  uud 

leacs  t o  (4+5+1)/9, while on the neutron s ide  udd leads  t o  (4+1+1)/9. Assuming 

equcl proportions s f  p  and n  in  the  t a rge t  nucleus,  we see  t h a t  the  excess 

on the  bcam s i d e  i s  3  ou t  of 18, which i s  not  neg l ig ib l e .  This es t imate  i s  

extremely crude but i s  s u f f i c i e n t  t o  i n f e r  t h a t  the observed asymmetry presents  

no ~ u z z l e .  -4 q u a n t i t a t i v e  ca l cu l a t ion  i n  t he  Drell-Yan p i c t u r e  i s  s t r a igh t -  

forvard.  

V.  TRANSVERSE MOMENTUEI OF =HE LEPTON PAIR 

There a r e  two aspects  about the  average t ransverse  momentum <q > of 
T 

the d i lcptons  t h a t  a r e  noteworthy. The CFS d a t a  6, a t  500 CeV shown in '  

Fig. 5.1 ser.vc t o  i l l u s t r a t e  the s i t u a t i o n .  F i r s t ,  the value of Cq > i s  
T  

aboct 1 .2  GeV/c f o r  El 2 4 GeV, a  value much higher than i s  na ively  expected. 

, Seccndly, over the  same range i n  M i t  i s  remarkably f l a t  except f o r  t he  T po in t  . 

a  phenomenon Chat needs explanat ion .  The da t a  have s t i e u l a t e d  a  g rea t  deal  . 

of t h e o r e t i c a l  a c t i v i t i e s  because model ca l cu l a t ions  car. be made on t h e  sub jec t  

with p red ic t i ans  t h a t  can be compared with data .  There have a l s o  been hopes 

t h a t  QCD can be t e s t e d .  Since there  a r e  a  number of methods of t r e a t i n g  the. 

Ref. 25 
o Ref. 6 

FIG. 5.1 
. . . protlem even v i t h i n  the  context of QCD, I s h a l l  organize  the  d iscuss ion by 

-' . ., f i r s t  i den t i fy ing  tvo d i s t i n c t  approaches, commenting on the  d i f f i c u l t i e s  i n  
< , ,. .' . , .I  

each, and then making a  conclusion based on phcno~nenological f a c t .  In  ordcr  

t o  be re levant  t o  t he  d a t a  ava i l ab l e  noti o r  forttlcoming, i t  i s  i n ~ ~ o r t s ~ l t  t o  

bear i n  mind what i s  :calculable and what i s  no t ,  and t o  d i s t i ngu i sh  the two 

a t  present  energies .  

A. BACKDOOR APPROACII 

2 
This i s  the  approach along the  avenue 01 space-like q  . Calct11a~e the 

average parton t ransverse  momentum <kT> and then i n f e r  the d i l e p t o n ' s  <qT>. 

Rcf. 43)-46) a r e  examples of cons idera t ions  along t h i s  l i n e .  Schematically,  

the s t e p s  followed are :  

It i s  i n  t he  l a s t  s t e p  t h a t  the  Drell-Yan mechanism i s  assumed and the  backdoor 

' crossed. I n  Ref. 46) s t e p s  (b) and (c) a r e  sho r t - c i r cu i t ed .  We remark now 

on each of the s t eps .  

(a) QCD - DIS 

QCD, being an asymptot ica l ly  f r e e  gauge theory,  13)' 14) has been 

successful ly  appl ied  t o  111s where opera tor  product expansion and l ight-cone 

ideas  a r e  u se fu l .  Scal ing  v i o l a t i o n s  of t he  moments of t he  s t r u c t u r e  

fucntion can be ca lcula ted  using renormalization group method and they a r e  . 
not i ncons i s t en t  with t h e  present  da t a ,  47) although one cannot claim on t h a t  

bas i s  t h a t  QCD has been successful ly  t e s t ed .  

(b) DIS + R 

Here R i s  , 

This r a t i o  i s  zero i n , t h e  lowest o rde r  and requires  a  ca l cu l a t ion  of the  one- 

loop corrections t o  thc Wilson c o e f f i c i e n t s ,  48)-50) ~ c c a u s b  the l a t  eer  s i c  

r e l a t e d  t o  the  moments of t he  s t r u c t u r e  funct ions ,  an invers ion t o  FL and FT 

. themselves r e s u l t s  i n  an i n t e g r a l  r e l a t i o n ,  5 1 )  which i n  t he  lowest o rde r  

f o r  FT i s  . . 
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. . 
wherc w I / x ,  and C2(R) i s  the  quadra t i c  Casimir opera tor  evaluated i n  the  

representa t ion  E f o r  the quarks. Eq. (5;2) i s  given here mainly t o  ahow t h a t  

the r e l a t i o n s h i p  between FL and Fy i s  not  simple. In  the  l i m i t  w+l, the  

i n t e g r a l  i s  approximated by a  l i n e a r  dependence on U - I ,  and one ob ta ins  

R S C  
I - x  , x ' l  (5.3) 

l o g ~ 2 / ~ 2  

-2 ' 

tii-.crc t11c log f a c t o r  appears b e c a ~ s e  of the  running coupling c0ns t an t . g  . 
h o n g  o the r  th ings  t he  constant  C depends on the r a t e  a t  which F vanishes T 
as w '  + I .  For lack  of a  more r e l i a b l e  bu t  simple formula. (5.3) has been 

used as  a  QCD description of R f o r  the ' e n t i r e  range of x from 0 t o  1 .  . The 

vzluc  of C i s  t l ~ e r c f o r e  devoid of p rec i se  meaning. Depending upon the  user  

of (5.3) o r  o t h c r  con side ratio.^^, var ious  values  have been assigned t o  it: 

C = 16/25 i n  .Ref. 43),  1 /2 i n  ~ e f .  45) and l a t e r  1/"4" i n  Xef. 52) .  The 

predic t ion  of QCD as  expressed i n  (5.3) i s  thus un re l i ab l e  i n  both normaliza- 

t i on  and x dependence. 

hlore c a r e f u l  numerical ca l cu l a t ions  of R have been ca r r i ed  ou t  
50) ,53) 

i n  t he  framcworl; of QCD and renormalization group techniqu..-s. Thc r e s u l t s  

a r e  cons i s t cn t lp  and s i g n i f i c a n t l y  lower than the o ld  da t a  54)s55)  p a r t i c u l a r l )  

a t  high x. The ncw Cata 56) g ive  an even higher value of 1 (0.25 2 0.10 when 

' avcragcd with tine H value using the  o ld  d a t a ) ,  so  t h a t  the  discrepancy i s  . 

even'worse. Tc accocnt f o r  the d i f f e r ence  ~ a c l i t m a n n ~ ~ )  fo.md t h a t  a  f i t  of 

the  old d a t a  would r equ i r e  t he  a d i i t i o n  of a  component a t t r i b u t a b l e  t o  the  

i r - t r i n s i c  t ransverse  momenta of t he  par tons ,  which he took t o  be 

2  
Note thc  x depeudence. The new data  on R would r equ i r e  an even l a r g e r  <kT>o 

which should not  vanish a t  x=O. *I 

The discossior.  immediately above r e f e r s  t o  a  r e l a t i x s h i p  between R 
2  and the  parton.:kT>, which i n  t h e  naive  quark-parton model (QPM) i s  4  

2 where the  quark confinemcnt e f f c c t s  n r e  included i n  <kf ., Combining with (5.3) 

one has 52) 

. . 

The v a l i d i t y  of t h i s  expression depends no t  only on how good (5.3) i s  a s  an 
2  approximation f o r  R, but  a l s o  on (5.5) which i s  good only i f  <kT> i s  very 

small ,  a s  i s  usual ly  assllmed i n  QPM. Indeed, on the  b a s i s  of (5.5) one 
2  o r d i n a r i l y  expects R t o  vanish a t  high Q . However, i f  R shows no dec i s ive  

2  dependence on Q , a s  i s  apparent' i n  t he  da t a ,  56) o r  depends on Q2 only very  
2  2  mildly as  i n  (5 .3) ,  then <kT> must increase  wit11 Q , con t r a ry  t o  thc  assutnption 

i n  QPM. The v a l i d i t y  of (5.5) i s  then cal.led i n t o  ques t ion .  Indeed, t he  

desc r ip t ion  of the  QPW i t s e l f  would need se r ious  modif ica t ion .  In  ~ ~ ~ ' t l i e  
2  r e l a t i onsh ip  between R and <kT> i s  n o t  well  understood., 

In t h i s  l a s t  s t e p  Drell-Yan mechanism i s  the key linlc between the parton 

kT and thc  d i l ep ton ' s  qT. According to  the r e s u l t s  of P o l i t z e r  lo) and 

Sachrajda ' I )  discussed in Section 11, the  Drell-Yan formula i s  made more 

acceptable i f  the parton d i s t r i b u t i o n s  conta in  the  Q2 dcpcndcnces due t o  gluon 

co r r ec t ions ,  same a s  i n  DIS. How much kT i s  allowed i n  the same parton 

d i s t r i bu t ions  a s  a  r e s u l t  i s  not c l e a r ,  except t h a t  i n  the  leading log  

ca l cu l a t ions  only "small" kT i n  the  narrow cone s a t i s f y i n g  (2.1) i s  included. 
2  To apply the parton < k ~ >  , as  calcul.ated i n  s t e p  (c) above, t o  the  Drcll-Yan 

formalism and then t o  i n f e r  t he  d i l ep ton ' s  <q:> is a  procedure bascd on the  
2  assumption t h a t  the ca lcula ted  <lc > i s  indeed "small". Diagram?; i n  wlticll nome T 

parton propagators a r e  f a r  off. s h e l l  do no t  con t r ibu te  t o  the leading log  tcrms; 

t h e i r  e f f e c t s  on LPP a r e  not f ac to r i zab le  and thus not rc-exprcssiblc i n  t hc  

Drell-Yan form. I f  one examines the  ca l cu l a t ions  leading t o  (5.2) and tliere- 

fo re  t o  thc  determination of R, 16)' 48)-51) one f inds  t h a t  i t  i s  p rec i se ly  

the  non-leading log  terms t h a t  a r e  responsib le  f o r  the  answer, i . e .  the par ton 

$ i s  no t  r e s t r i c t e d  t o  t h e  narrow cone. Hence, i t  i s  i n  p r i n c i p l e  i ncons i s t en t  

t o  apply ' the  Drell-Yan p i c t u r e  t o  t he  component <k$R [ the  f i r s t  term on t h e  

r .h.s.  of (5.6)]  obtained from R. However, i n  p rac t i ce ,  i t  may be loose ly  
2  regarded a s  an approximate way of es t imat ing cq > from renoml iza t ion -g roup-  
T 

improved pe r tu rba t ive  ca l cu l a t ion  of R. 

"1 
According tc. Quirlc (p r iva t e  cmt~un ica t ion )  the  CHI0 groxp has measured i n  

d c e p ' i n e l a s t i c  nuoproduction a  value of R = 0.5f0.2 a t  x=0.025 f o r  i n  the 
range 1-4 ( ~ e ~ i c ) ~ .  



. . 
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2  
Note thc  x depeudence. The new data  on R would r equ i r e  an even l a r g e r  <kT>o 

which should not  vanish a t  x=O. *I 

The discossior.  immediately above r e f e r s  t o  a  r e l a t i x s h i p  between R 
2  and the  parton.:kT>, which i n  t h e  naive  quark-parton model (QPM) i s  4  

2 where the  quark confinemcnt e f f c c t s  n r e  included i n  <kf ., Combining with (5.3) 

one has 52) 

. . 

The v a l i d i t y  of t h i s  expression depends no t  only on how good (5.3) i s  a s  an 
2  approximation f o r  R, but  a l s o  on (5.5) which i s  good only i f  <kT> i s  very 

small ,  a s  i s  usual ly  assllmed i n  QPM. Indeed, on the  b a s i s  of (5.5) one 
2  o r d i n a r i l y  expects R t o  vanish a t  high Q . However, i f  R shows no dec i s ive  

2  dependence on Q , a s  i s  apparent' i n  t he  da t a ,  56) o r  depends on Q2 only very  
2  2  mildly as  i n  (5 .3) ,  then <kT> must increase  wit11 Q , con t r a ry  t o  thc  assutnption 

i n  QPM. The v a l i d i t y  of (5.5) i s  then cal.led i n t o  ques t ion .  Indeed, t he  

desc r ip t ion  of the  QPW i t s e l f  would need se r ious  modif ica t ion .  In  ~ ~ ~ ' t l i e  
2  r e l a t i onsh ip  between R and <kT> i s  n o t  well  understood., 

In t h i s  l a s t  s t e p  Drell-Yan mechanism i s  the key linlc between the parton 

kT and thc  d i l ep ton ' s  qT. According to  the r e s u l t s  of P o l i t z e r  lo) and 

Sachrajda ' I )  discussed in Section 11, the  Drell-Yan formula i s  made more 

acceptable i f  the parton d i s t r i b u t i o n s  conta in  the  Q2 dcpcndcnces due t o  gluon 

co r r ec t ions ,  same a s  i n  DIS. How much kT i s  allowed i n  the same parton 

d i s t r i bu t ions  a s  a  r e s u l t  i s  not c l e a r ,  except t h a t  i n  the  leading log  

ca l cu l a t ions  only "small" kT i n  the  narrow cone s a t i s f y i n g  (2.1) i s  included. 
2  To apply the parton < k ~ >  , as  calcul.ated i n  s t e p  (c) above, t o  the  Drcll-Yan 

formalism and then t o  i n f e r  t he  d i l ep ton ' s  <q:> is a  procedure bascd on the  
2  assumption t h a t  the ca lcula ted  <lc > i s  indeed "small". Diagram?; i n  wlticll nome T 

parton propagators a r e  f a r  off. s h e l l  do no t  con t r ibu te  t o  the leading log  tcrms; 

t h e i r  e f f e c t s  on LPP a r e  not f ac to r i zab le  and thus not rc-exprcssiblc i n  t hc  

Drell-Yan form. I f  one examines the  ca l cu l a t ions  leading t o  (5.2) and tliere- 

fo re  t o  thc  determination of R, 16)' 48)-51) one f inds  t h a t  i t  i s  p rec i se ly  

the  non-leading log  terms t h a t  a r e  responsib le  f o r  the  answer, i . e .  the par ton 

$ i s  no t  r e s t r i c t e d  t o  t h e  narrow cone. Hence, i t  i s  i n  p r i n c i p l e  i ncons i s t en t  

t o  apply ' the  Drell-Yan p i c t u r e  t o  t he  component <k$R [ the  f i r s t  term on t h e  

r .h.s.  of (5.6)]  obtained from R. However, i n  p rac t i ce ,  i t  may be loose ly  
2  regarded a s  an approximate way of es t imat ing cq > from renoml iza t ion -g roup-  
T 

improved pe r tu rba t ive  ca l cu l a t ion  of R. 

"1 
According tc. Quirlc (p r iva t e  cmt~un ica t ion )  the  CHI0 groxp has measured i n  

d c e p ' i n e l a s t i c  nuoproduction a  value of R = 0.5f0.2 a t  x=0.025 f o r  i n  the 
range 1-4 ( ~ e ~ i c ) ~ .  



0;erloo:ting the above reservation we proceed to a discussion of what. 
2 has been obtainzd for <qT>. The Drell-Yan formula, given in (2.2), involves 

in general, a rather complicated convolution of the transverse momenta of the 

annihilating partons over the surface of an ellipsoid. If k is infinitesimal T 
(jrhich is not t:~e case at hand), the convolution integral can be simplified 

and the followl2g approximate relation obtains 

whe;e the two terms on the r.h.s. refer to the c<> for the two hadrons at the 

appropriate x values. For the lepton pair at xF=O, and for identical hadrons, 

it reduces to 

2 1 

<qT> = 2ckG> (5.8) 

We stress that :Itis formula is vzlid only for infinitesirnil <kT>, and that 

significant depsrture from it actually prevails 33) for the kinematical range 

of available da:a. 

Comparisons vith data have been made on the basis of (5.6) and (5.8). 

13 Fig. 5.2 are shown two theoretical curves assuming <qT> = cq$l : the 
2 dashed line 43' is for C = 16/25 and <k > = 0, while the solid line 52) is 

2 for C = 114 and <kTl0 = (0.3)~ (CeV/cf2? The agreement is not outstanding.. 
I . . . . .  I . . . . , .  . . . . . . .  I 

FIG. 5.2 

As we have seen above, the predictive power of QCC in this approach 

is weakened by various uncertainties, not the least of which are: (i) the 
2 

value of C, (ii) the x dependence of R, (iii) the size of <kT>o , ( iv )  the x 

dependence oi .<k:I0 , (v) thc validity of (5.5), and (vi) the departure from 

(5.8). If we take seriously Nachtmann's attempt 47) to m ~ k e  up for the 

difference between the calculated R in Ref. 50) and the dzta, but do it for 

, . . the new value, 56) then we would conclude that the part czlculable in QCD is 

overwhelmed by the part due to the hadronic component <kqhad that is nor 

calculable. In that case one might as well fit the data out right. This is 

not to say that QCD is at fault. It merely means that at present energies 

the kinemtical variables do not extend to the region where the part calculable 

dominates over that which is not. 

Lam and Yan 46) circumvent the issue of R by generalizing the evolution 

equation of Altarelli and Parisi 57) and studying the generation of the parton 

kr in the same way that scaling violation is generated by the renormalization 

group method. This ought to be the proper way of investigating the prohlem in 

QCD if the Drell-Yan mechanism is assumed. There are questions of uniqueness 

of the generalized master equation (particularly about the kernel) that rcquircs 

further investigation. Assumi~~g n simple for111 for the kcrnel and using an 

intrinsic <yo of 300 EIeVlc, 58) a reaso~iable fit of the data can bc obtained 

upon applying (5.8) to infer <qT>. 

It should be mentioned that Soper 59) also followed the backdoor 

approach but in a very different way. Working in a renormalizable field theory 

that is not exactly asymptotically free, he studied the large I? behaviour of 

the parton distribution function using light-cone techniques in operator- 
-2 -2 product analysis. Terms falling off as kT and q4 are found, whereupon q T 

and qi4 behaviour are inferred for the lepton pair. Whether these behaviours 

attributed to the Drell-Yan mechanism are distinct from the non-Drell-Yan 

processes at large qT is not clear. 

B. FRONTDOOR APPROACH 

Having reviewed the backdoor approach, it should come as no surprise 

that one could also approach the,subject of cq? directly, keeping q2 time-like 

tl~roughout. By studying sonic low-order perturbation diagrams, one can, in fact, 
2 calculate do/dMdydqT. Conipariso~l wit11 the data on qT distributions would be 

a for more stringent test of QCD than that with cq?. Besides, the Born tenit . 

calculations are clean.and not too difficult to do. Although one should bear 

in mind that cleanliness is no guarantee for relevance, they certainly should 

be done. The idea did not occur to just 6ne or two, but has led to n multitude 

of papers, Ref. 60) to 64) being only a few examples of the collection. 

The diagrams to be considered are those shown in Fig. 2.1, although 

in actuality only the calculations to the Lowest nontrivial order in g have 
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been donc, i . c .  t he  sccond t o  f i f t h  diagrams of Fig.  2.1. 7e r e c a l l  t h a t  a l l  

tlla diagrams i n  t h a t  f i gu re  can be put i n  the  Drell-Yan fon i ,  Fig.  2.2, i n  

t h ~  leading log  Q2 approximation, 1 0 ) s l l )  which means "small1' kT and qT. To 
2 

put Q dcpendent d i s t r i b u t i o n  funct ions  i n  t h e  diagrams of 3 ig .  2.1 would be 

d o ~ b l e  counting f o r  s r .a l l  qT. Howcver, i f  one i s  only i n t e r e s t c d  i n  l a rge  q  
2  

T' 
thcn the  d i s t r i b u t i o n  funct ions  s h ~ u l d  inc lude  Q and "small" kT dependences. 

Calcula t ing  i n  t h a t  way f o r  l a rge  qT i t  i s  hoped t h a t  the sccond t o  f i f t h  

dizgrams of Fig.  2.1 g ive  c lean p red ic t ions  of QCD t h a t  can be  compared with 

experiment. 

. Clear ly ,  the two approaches a r e  d i s t i n c t i v e l y  d i f f e r e n t .  The backdoor 

a p ~ r o a c h  depends on the  Drell-Yan mechanism, while t h e  f rontdoor  approach i s  

na in ly  i n t e r e s t ed  i n  the  non-Drell-Yan processes.  The two a r c  a c t u a l l y  
2  cowlementary.  Cn t h e  o the r  hand, i f  <kT>R i s  recognized as  b a s i c a l l y  non- 

Drell-Yan in  o r i g i n  a s  we have d iscussed,  then t h a t  p a r t  of the contr ibut ion  

i n  t he  backdoor approach i s  not  unre la ted  t o  the  ca l cu l a t ion  i n  the  present  

approach. 

We now examine more c l o s e l : ~  the  i s sues  involved i n  the  pe r tu rba t ive  

ca l cu l a t ions  of the  non-Drell-Ynn processes.  What has thus f a r  been done i s  

t o  assume no kT f.or the  i n i t i a l  par tons  of the  subprocesses (qq ann ih i l a t i on  

and qg "Compton sca t t e r ing" ) ,  and =hen t o  convolute the  computed c ros s  

s ec t ions  of the  subprosesses with the  appropr ia te  parton d i ~ t r i b u t i o n  functions 

whose x  dependcnocs a r s  p a r t l y  i n fe r r ed  from DIS and p a r t l y  guessed. A l l  

c a l zu l a t ions  s u f f e r  £ram the  t rouble  a t  small  qT where, 0wir.g t o  the  massless- 
2 ness of the  quarks and gluons, t h e  cross  s ec t ion  da/dMdydqT diverges  a s  

2  
I/qr, a s  qT + O .  I t  i s  a  r e f l e c t i o n  of the f a c t  t h a t  a  massless 'quark can 

emit o r  absorb a  massless gluon c o l l i n e a r l y  without v i o l a t i n g  energy- 

niomntum conservation.  Since i n  r e a l i t y  the cross  s ec t ion  Coes not  diverge,  

and f o r  reasons a l ready s t a t e d  regarding Drell-Yan, the  r e s u l t  i s  no t  t o  be 

t r u s t f d  a t  small  qT. However, i t  has been hoped 60)-64) t h a t  the  ca l cu l a t ion  

gives a  f a i r  desc r ip t ion  of LPP a t  l a rge  qT, i n  both normalization and shape. 

Fig.  5 .3  shows the comparison of the t h e o r c t i c a l  p red ic t ions  with data  ') a t  

y  = 0; i t  i s  taken from Rcf. 63),  and i s  t y p i c a l  of r e s u l t s  obtained a l s o  
by o the r s .  60)-62)s64)  The agreement i s  regarded a s  a  s i g n i f i c a n t  and 

favourable t e s t  of QCD. However, ch i s  m y  be  an over-opt imis t ic  view, a s  

I s h a l l  present  jrguments l a t e r  t o  the contrary .  

Because of t he  divergence a t  qT = 0, computation of <qT> i s  meaningless. 

To emphasize the  high qT por t ion  of t he  d i s t r i b u t i o n  one should consider  a t  
2  l e a s t  the  second moment <qT>, f o r  which the r o l e  o f . t h e  divergence i s  

I I I 
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FIG. 5 .3  

suppressed. The computed r e s u l t  which we denote by <q:>yert turns  out  t o  be 

too small compared t o  da t a .  . 2 62)s63)  To f i t  the da t a  a  hadronic <k > 
T had' 

d i s cusscd . in  Section I I , .mus t  be added, i . e .  

where (5.8) and t h e  idea  of Drell-Yan has bcen used. I f  < k k h a d  i s  allowed 
2  t o  have a  dependence on x o r  Q , which i s  unknown, then pcr turbat ive  ca lcula-  

2  t i o n  i n  QCD has  no p red ic t ive  power on <qT>. Assuming a  constant the 

da t a  i n  Fig. 5.1 can be f i t t e d  using 63) 

2  2  This i s  s i g n i f i c a n t l y  l a r g e r  than <kT70 = (0.3) ( c ~ v / c ) ~  used by l ' o l i t z c r  52) 

i n  connection with Fig.  5.2 o r  by Lam and Yan. I t  i s  cons is rcnt  with t h e  

conclusion reached toward the  end of the  previous subsection.  Thus we f i n d  

hcre the f i r s t  i nd i ca t ion  of a  phenomenological support f o r  the conjec ture  we 
2  made i n  Section I1 t h a t  <kT>had inc ludes  not  only the  i n t r i n s i c  2 <kT>o but 

a l so  a  "narrori" component <k?> associa ted  with the  s ca l ing  v i o l a t i o n  of 1 narrow 
the  parton d i s t r i b u t i o n .  The component ca lcula ted  through R i n  t l ~ e  l a s t  

2  subsection i s  over and above <kT>had, j u s t  l i k e  the con t r ibu t ion  of the 
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d o ~ b l e  counting f o r  s r .a l l  qT. Howcver, i f  one i s  only i n t e r e s t c d  i n  l a rge  q  
2  

T' 
thcn the  d i s t r i b u t i o n  funct ions  s h ~ u l d  inc lude  Q and "small" kT dependences. 

Calcula t ing  i n  t h a t  way f o r  l a rge  qT i t  i s  hoped t h a t  the sccond t o  f i f t h  

dizgrams of Fig.  2.1 g ive  c lean p red ic t ions  of QCD t h a t  can be  compared with 

experiment. 

. Clear ly ,  the two approaches a r e  d i s t i n c t i v e l y  d i f f e r e n t .  The backdoor 

a p ~ r o a c h  depends on the  Drell-Yan mechanism, while t h e  f rontdoor  approach i s  

na in ly  i n t e r e s t ed  i n  the  non-Drell-Yan processes.  The two a r c  a c t u a l l y  
2  cowlementary.  Cn t h e  o the r  hand, i f  <kT>R i s  recognized as  b a s i c a l l y  non- 

Drell-Yan in  o r i g i n  a s  we have d iscussed,  then t h a t  p a r t  of the contr ibut ion  

i n  t he  backdoor approach i s  not  unre la ted  t o  the  ca l cu l a t ion  i n  the  present  
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We now examine more c l o s e l : ~  the  i s sues  involved i n  the  pe r tu rba t ive  

ca l cu l a t ions  of the  non-Drell-Ynn processes.  What has thus f a r  been done i s  

t o  assume no kT f.or the  i n i t i a l  par tons  of the  subprocesses (qq ann ih i l a t i on  

and qg "Compton sca t t e r ing" ) ,  and =hen t o  convolute the  computed c ros s  

s ec t ions  of the  subprosesses with the  appropr ia te  parton d i ~ t r i b u t i o n  functions 

whose x  dependcnocs a r s  p a r t l y  i n fe r r ed  from DIS and p a r t l y  guessed. A l l  

c a l zu l a t ions  s u f f e r  £ram the  t rouble  a t  small  qT where, 0wir.g t o  the  massless- 
2 ness of the  quarks and gluons, t h e  cross  s ec t ion  da/dMdydqT diverges  a s  

2  
I/qr, a s  qT + O .  I t  i s  a  r e f l e c t i o n  of the f a c t  t h a t  a  massless 'quark can 

emit o r  absorb a  massless gluon c o l l i n e a r l y  without v i o l a t i n g  energy- 

niomntum conservation.  Since i n  r e a l i t y  the cross  s ec t ion  Coes not  diverge,  

and f o r  reasons a l ready s t a t e d  regarding Drell-Yan, the  r e s u l t  i s  no t  t o  be 

t r u s t f d  a t  small  qT. However, i t  has been hoped 60)-64) t h a t  the  ca l cu l a t ion  

gives a  f a i r  desc r ip t ion  of LPP a t  l a rge  qT, i n  both normalization and shape. 

Fig.  5 .3  shows the comparison of the t h e o r c t i c a l  p red ic t ions  with data  ') a t  

y  = 0; i t  i s  taken from Rcf. 63),  and i s  t y p i c a l  of r e s u l t s  obtained a l s o  
by o the r s .  60)-62)s64)  The agreement i s  regarded a s  a  s i g n i f i c a n t  and 

favourable t e s t  of QCD. However, ch i s  m y  be  an over-opt imis t ic  view, a s  

I s h a l l  present  jrguments l a t e r  t o  the contrary .  

Because of t he  divergence a t  qT = 0, computation of <qT> i s  meaningless. 

To emphasize the  high qT por t ion  of t he  d i s t r i b u t i o n  one should consider  a t  
2  l e a s t  the  second moment <qT>, f o r  which the r o l e  o f . t h e  divergence i s  
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suppressed. The computed r e s u l t  which we denote by <q:>yert turns  out  t o  be 

too small compared t o  da t a .  . 2 62)s63)  To f i t  the da t a  a  hadronic <k > 
T had' 

d i s cusscd . in  Section I I , .mus t  be added, i . e .  

where (5.8) and t h e  idea  of Drell-Yan has bcen used. I f  < k k h a d  i s  allowed 
2  t o  have a  dependence on x o r  Q , which i s  unknown, then pcr turbat ive  ca lcula-  

2  t i o n  i n  QCD has  no p red ic t ive  power on <qT>. Assuming a  constant the 

da t a  i n  Fig. 5.1 can be f i t t e d  using 63) 

2  2  This i s  s i g n i f i c a n t l y  l a r g e r  than <kT70 = (0.3) ( c ~ v / c ) ~  used by l ' o l i t z c r  52) 

i n  connection with Fig.  5.2 o r  by Lam and Yan. I t  i s  cons is rcnt  with t h e  

conclusion reached toward the  end of the  previous subsection.  Thus we f i n d  

hcre the f i r s t  i nd i ca t ion  of a  phenomenological support f o r  the conjec ture  we 
2  made i n  Section I1 t h a t  <kT>had inc ludes  not  only the  i n t r i n s i c  2 <kT>o but 

a l so  a  "narrori" component <k?> associa ted  with the  s ca l ing  v i o l a t i o n  of 1 narrow 
the  parton d i s t r i b u t i o n .  The component ca lcula ted  through R i n  t l ~ e  l a s t  

2  subsection i s  over and above <kT>had, j u s t  l i k e  the con t r ibu t ion  of the 



pe r tu rba t ive  ca l cu l a t ion  i n  the present  approach. 

Because the two terms on the  r .h .s .  of (5.9) a r e  comparable i n  
2 magnitudes a t  p re sen t  energies ,  t h a t  procedure of determining <qT> i s  

unsat i s fac tory ,  except f o r  the mer i t  of rendering a very quick and rough 

es t imate  of t t e  two e f f e c t s .  Thr narrow divergence a t  qT = 0 cannot be 

ignored. I t  coes no t  ge t  cancel led  by contr ibut ions  from o the r  diagrams a s  

i n  t he  case of t he  "sof t"  diversences.  65)'66) The only work t h a t  has given 

a t t e n t i o n  t o  t h e  problem (by giv ing a r egu la r i za t ion  procedure) is  described 

i n  the  second paper of A l t a r e l U ,  P a r i s i  and Petronzio.  '*) Because the  

impl ica t ion  of t h e  r e g u l a r i z a t b n  i s  r e l evan t  t o  our  dis:ussion below, we 

give here t h e  essence of t h e i r  procedure. 

Let FPert(qtr) = dold<lpert be the  qT d i s t r i b u r i o n  determined i n  

per turbat ive  ca l cu l a t ion .  I t  i s  s ingu la r  a t  q, = 0. The in t eg ra t ed  cross  
' 2 

I 

sect ion ,  = F p c r t ( q T ) d y  i s  t he re fo re  i n f i n i t e .  However, t h e  t rue  

(regularized!, d i s t r i b u t i o n  FreE(qT) = do/dqf l r e g  has no s i n g u l a r i t y  a t  

qT = 0, and the  corresponding nntegrated cross  s ec t ion  u i s  f i n i t e .  I f  r e g  
one bel ieves  :hat the  only d isease  with Fpert i s  a t  small  qT, and t h a t  i t s  ' 

l a rge  qT behaviour i s  a f a i t h f ~ l  statement of r e a l i t y ,  then a procedure of 

sub t r ac t ing  ou t  the  d iseased s n a l l  qT p a r t  ought t o  y i e l d  F reg. Suppose t h a t  

the r e a l i s t i c ,  but  uncalculable,  small  qT component, which a r i s e s  o u t  of the  

k d i s t r i b u t i o n  i n  the  hadron, and which i s  responsib le  f o r  t he  f i r s t  term T 
on the  r .h.s.  of (5.9). i s  described by f(qT).  s u i t a b l y  normalized. Then, 

consider 

(5.11) 

The f i r s t  term i s  a convolution which i n s t a l l s  the  proper small qT behaviour 

but c a r r i e s  the  wrong normalization; the  second has t he  same c h a r a c t e r i s t i c s  

by const ruct ion .  The two a r e  30th i n f i n i t e  q u a n t i t i e s  but the  d i f f e r ence  i s  

f i n i t e .  I f  f (qT) f a l l s  o f f  f a s t e r  than Fpert(qT), then (5.11) has the same 

' la rge  qT behaviour a s  Fpert(qy). These a r e  j u s t  the  p rope r t i e s  t h a t  one wants 

to  ascr ibe  t o  the  r e a l i s t i c  q u n t i t i e s  i n  t he  combination 

Hence, the  i d e n t i f i c a t i o n  of (5.11) wi th  (5.12) de f ines  Freg(qT). This 

regularizatron procedure has been used t o  f i t  the da t a  . a i t h  f (qT)  being an 

arbi t rary  function.  Assuming f (qT)  t o  be a Gaussian wi th  a mean 
2 67) : ;, c?T>had = 11.8 ~ c V / c ,  c o r r e s ~ o n d i n g  t o  

M P  I1 62)  obtained a good f i t  of the  d a t a  on qT d i s t r i b u t i o n s .  6, The 

hadronic "small" k component needed i s  very c lo se  to  t ha t  found i n  (5.10).  T 
The goodness of f i t  of the da t a  has no g r e a t  s igu i f i cance  s incc  an a r b i t r a r y  

funct ion  i s  a t  one ' s  d i sposa l ,  but  the  M dependence of the  da t a  seems t o  be 

wel l  described by Freg(qT) without the  neces s i ty  of invoking an M dependcnce 

of f  (qT). 

The r egu la r i za t ion  procedure leads  t o  the  conclusion t h a t  the  

non-Drell-Yan type pe r tu rba t ive  ca l cu l a t ions  i n  QCD can a t  p re sen t  energies  

account f o r  a por t ion  of the  qT e f f e c t s  i n  agrcemcnt with t h e  rough e s t ima te  

made e a r l i e r .  I n  q u a n t i t a t i v e  terms i t  apparent ly  accounts f o r  approximately 
2 2 half  of <ql> and f o r  the  p a r t  of do/dqT with qT > 2 GeVIc. I f  i t  i s  t rue ,  

then one ought to  ( I )  come t o  t e rns  with the  conclusion made toward tile end 

of the previous subsection regarding t h e  Drell-Yan p i c t u r e  and (2)  seek o t h e r  

phenomenological t e s t s  t h a t  a r e  s e n s i t i v e  t o  the non-Drell-Yan component. The 

l a t t e r  w i l l  be considered i n  t h e  next s ec t ion  with r e s u l t s  damaging t o  the 

conclusion j u s t  made. We s h a l l  at tempt t o  show t h a t  t he  r e so lu t ion  of t he  

dilemma w i l l  a t  the same time allow a co-existence between the two approaches 

considered i n  t h i s  sec t ion .  

Before leaving t h i s  d iscuss ion,  l e t  us l o c a t e  the loop hole  i n  the  

argument t h a t  led  t o  t he  conclusion of t he  r egu la r i za t ion  procedure, which 

inc iden ta l ly  i s  not  unique, bu t  i s ' a ccep ted  he re  f o r  argunient's sake. The 

expression i n  (5.12) conta ins  a l l  the  e s s e n t i a l  ingredients .  The f i r s t  

term i s '  the  data ,  and t h e  second i s  the  hadronic component uncalculable  i n  

per turbat ion  theory. The d i f f e r ence ,  i d e n t i f i e d  with (5.1 1) , i s  than the  

contr ibut ion  from the  non-Drell-Yan terms ca lcula ted .  I n  APP I1 62) f  (qT) 

was assumed t o  be a Gaussian with an ndjus table  width. But i t  could j u s t  a s  

well  have been a power-law fa l l -o f f  with a t a i l  resembling the  da t a .  The 

point i s  t h a t  the  more the  second. term of (5.12) resembles the  d a t a  over a 

wider range of "small" qT, t he  more the  non-Drell-Yan con t r ibu t ion  i s  pushed 

ou t  t o  " larger"  qT. With an a r b i t r a r y  funct ion  f(qT) t o  ad jus t ,  t he  da t a  

can be f i t t e d  in  an i n f i n i t e  number of ways, e spec i a l ly  s ince  the  parton 

d i s t r i b u t i o n  needed f o r  the  ca l cu l a t ion  of 'Fpert  a r e  mostly s t i l l  ad jus table  

a l so .  ' A t  p resent  t he re  i s  no way a p r i o r i  t o  determine where the  "smnall" qT 

range s tops  and the  e f f e c t s  of the  per turbot ivc  ca l cu l a t ions  emerge. The 

demarkation may even change with energy. Only pl~enonlenology can give us 
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f c r t h e r  c lues  - a t  present  and fu tu re  energies .  

I n  the preceding sec t ion  wc have dwelt mainly on the t h e o r e t i c a l  

i s sues  r e l a t e d  t o  <qT>. They haw? not  been resolved by thz  confronta t ion  
2  

with da t a  on <qg> o r  do/dqT a s  fcncti0r.s of M. We now b r ing  t o  bear on 

the  p r ~ b l e m  0th.r phenomenological f a c t s ,  v iz .  t h e i r  dependences 011 the  beam 

type,  xF , and s .  The da t a  a r e  ~ 1 1  very new 26)*27)  and p ~ o v i d e  a  t imely 

h i n t  toward a  m r e  complete p i c t ~ r e .  

. . Let me f i r s t  s ~ m a r i z e  the  f indings  of t he  l a s t  sec t ion .  I n  the back- 
d301. approach one i d e n t i f i e s  

2 2  where <kT>R i s  obtained through :he QC3 ca l cu l a t ion  of R,  and <kT>had i s  more 
2 2  2 2 

than the  i n t r i c s i c  <kT>o = (0.3) (CIVIC) . Wliile <kTzgad = <k$o i s  

asshmed i n  Fig.  5 .2 ,  a  s i zeab le  3 i f f e r ence  between them i s  needed t o  f i t  the 

experimental value cf  R .  In the  frontdoor approach one hs s  

whcre cq2> i s  obtained by pe r tu rba t ive  ca l cu l a t ion  of e x p l i c i t  non-Drell- 
T  pe r t  2  

Ysn diagrams. It i s  n o t  c l e a r  m what ex t en t  <qT>pert c&? be i d e n t i f i e d  

v i t h  2<k;>*, but they must: i n  some way be r e l a t e d .  The i r  d i f f e r ence  i s  t o  
- -. 

be absorbed by the  uncalculable  <k$had i n  t he  two cases .  Phenomenology 

discussed so f a r  i n f e r s  t h a t  <k:>l,ad i s  roughly 0.4 ( ~ e ~ / e ) ~  i n  both cases.  
2  

.\ccording t o  our  d iscuss ion i n  Eection 11, <kT>had can be f u r t h e r  decomposed 

i n t o  two components which we express here  i n  a  naive add i t i ve  form a s  

2 2  <k2> = <kT>o + < k >  (6.3) 
T had T narrow 

2  2 M ~ i l e  <k > i s  i d e n t i f i e d  with :he s t a t i c  property of the  I~adron a t  low Q , 
2 T o  

<k > i s  associa ted  with t he  t raxsverse  momentum i n  the parton 
T narrow . 

d i s t r i b u t i o n  confincd t o  a  "nar~:owl' cone a r i s i n g  from gluon r ad i a t ion .  I t  

i s  the  par ton 's  t ransverse  sp re ld  i n  a j e t ,  whether i t  be quarks i n  a  hadron 
2 2  

'or hadrons i n  a  quark (or  gluonJ j e t .  <kT>narrow may depend on Q but should 

s a t i s f y  (2. I ) .  

Since the  frontdoor approach i s  more d i r e c t  and t r anspa ren t ,  our 

discussion on the  QCD r e s u l t s  i n  t h e  following w i l l  r e f e r  only t o  t h a t  type 

' of pe r tu rba t ive  c a l c u l a t i o n s . '  Although the  low-order ca l cu l a t ion  i n  pc r tu r -  

ba t ion  theory is unambiguous, t he  procedure t o  e l imina t e  t he  divergence a t  
' 

qT = 0 i s  no t ,  r e s u l t i n g  i n  an uncer ta in ty  i n  t he  es t imat ion of t he  ac tua l  

cont r ibut ion  from the  non-Drell-Yan process.  The s i t u a t i o n  can bes t  be 

i l l u s t r a t e d  by the  schematic p l o t s  of two p o s s i b i l i t i e s  shown i n  ' ~ i g .  6.'1 
, . 

(a) and (b) .  The open regions  under t he  curves r ep re sen t  the  con t r ibu t ions  
. . 

FIG. 6.1 

from the  hadronic "small component <k;>,lad, the pa r t  described by f  (qT). The 

shaded regions represent  the e f f e c t s  of the non-Drell-Yan te,rms a t  "largc" qT. 

Data f i t t e d  by the  ove ra l l  ( so l id )  curves admit the poss i l ) i l i t y  of f (qT)  
L being e i t h e r  (a) a  ~ a u s s i a n  with smaller <kT>had, o r  ( h )  a  porJerlaw fa l l -o f f  

with a  l a r g e r  <k;>had. The conclusions of Ref. 62 t o  64 suggest case ( a ) ,  

i n  which the  shaded region con t r ibu te s  a  s igni f icant :  f r ac t ion  (roughly h a l f )  
2 of <qT>. Case (b) i s  not  ru led  ou t ,  but  we proceed with our d iscuss ion 

assuming (a) t o  be the  case'. 

consider now the  dependence of <qT> on beam type. P i l che r  26) showed 

the CP da t a  on n beam a t  225 GeV and compared with the CFS data  on p  beam a t  

200 GeV. As can be seen from Fig.  6.2, <qT>' = 1.2 GeV/c while 

cqT>' = 1.0 GeV/c i n  t he  f l a t  region. One does not  know whether the  

d i f f e r ence  of 0.2 GeV/c should be a t t r i b u t e d  t o  t he  hadronic <kT>had o r  t he  

pe r tu rba t ive  <qT>pert p a r t s  of t he  beam p a r t i c l e s ,  o r  both. Thc d i f f e r ence  
2  n 

<qT>pert - <q$>:ert can i n  p r inc ip l e  be ca lcula ted  i f  the parton 

d i s t r i b u t i o n s  i n  t h e  pion i s  known, and i f  <k;>iad = <k;>Ead. I t  must 
2  

be pos i t i ve  because t h e  contr ibut ions  t o  <qT>pert from the diagrams i n  

Pig. 2.1 a r e  enhanked t y  the excess ant iquark  i n  thc  pion.  ~ h u s  the  l e a s t  
2  one can conclude i s  t h a t  <qT>pert ought t o  be l a r g e r  than <qc>;ert, but 

probably not  as  much as  the  e n t i r e  d i f f e r ence  implied by Fig.  6.2 s ince  
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. . 
s ince  ck?iad may be l a r g e r  than <k,fEad too. 

2 2 P S ~  
We now see, f o r  both < q j p  and cq,fn, t h a t  <q$:& and 2<k?had 

share roughly equal propor t ions  according t o  t he  argument above and the  

:onclusion of -he pe r tu rba t ive  c a l c u l a t i o n s  discussed i n  Section V.-B. We 

I . e  
PIab (GeVlc) 

- o K 225 Ref.25 
0 K' 225 Ref. 26 

FIG. 6.2 

come next t o  t he  y o r  xF dependznce of <qT>. Both Lederman 27) and P i l che r  
7-61 

showed da t a  cn t h a t  dependence and indica ted  t h a t  wi th in  e r r o r s  t.hey a r e  

e s s e n t i a l l y  c0nstar.t. (See Fig.  6.3.) This i s  h ighly  s i g n i f i c a n t ,  e spec i a l ly  

f o r  t h e  pion da t a  i6) s ince  they cover a wider range of %. The independence 

of <qT> on xr c o n t r a d i c t s  the  ~ a r l i e r  conclusion;: that  <q:>pert i s  an important 

pa r t  of <c12> because i t  has been shown t h a t  <q:>pert decreases d r a m t i c a l l y  

with L. 65) This i s  shorm i n  F i g .  6.4. This behaviour may be understood a s  r 
K'N I 2 2 5  C o V I  Re1.26 

FIG. 6.4 

a r e f l e c t i o n  of t he  f a c t  t h a t  the  subprocesses of the  lower order non-Drell- 

Yan diagrams iri Fig.  2.1 a r e  a l l  trio-body sca t t e r ings .  The two-body k i n e m t i c s  
implies t h a t  large-angle s c a t t e r i n g  (hence l a rge  q ) y ie lds  d i lcptons  mainly 

T 
a t  small xF while small-angle s c a t t e r i n g  (small qT) leads  to  d i leptons  a t  

l a rge  xF. There a r e  complications due t o  convolution over the parton ~no~nenta; 

however, t he  dominance of da/dNdxF a t  small  xF makes t h i s  physical  p i c tu re  a 

reasonable i n t e r p r e t a t i o n  of the  numerical r e s u l t  63) shom~ i n  Fig.  6.4.  

From the  contradic t ion  between Figs.  6.3 and 6.4 one concludes t h a t  
2 2 

<qT>pert cannot be a s i g n i f i c a n t  p a r t  of <qT>. This conclusion r~ould be 
2 even more inev i t ab l e  i f  Fig.  6 .3  were a p l o t  of <qT>ra the r  than <qT>,  although 

2 I doubt t h a t  the  constancy of <qT> does no t  r e f l e c t  t he  same f o r  <q >. In 
2 T 

order t h a t  <qT>pert he neg l ig ib l e  a t  present  ene rg i e s ,  thereby negat ing  the  

e a r l i e r  conclusion,  i t  i s  necessary t o  regard case (a)  i n  Pig.  6.1 a s  

u n r e a l i s t i c .  That i s ,  t he  "small" q component described by f ( q  ) need n o t  
T T 

f a l l  of f  sharply  a s  i n  a Gaussian. Assuming t h a t  i t  i s  damped more slowly 

l i k e  i n  a power law so t h a t  the  observed qT d i s t r i b u t i o ~ l  follows c l o s e l y  

f ( q  ) over most of the qT range explored,  a s  i n  case (b) i n  Pig.  6.1,  t he  T 
region where the  per turbat ive  ca l cu l a t ions  a r e  r e l evan t  i s  then pushed ou t  

to  higher values of qT no t  y e t  measured. One then has 

The question i s  whether t h i s  i s  compatible with the  independence on xF. 

The l a s t  question cannot be answered i n  t h e  context  of QCD s ince  i t  i s  

the uncalculable component. However, i t  a r i s e s  due t o  the  Drcll-Yan mechanism. 
2 Recall  from Fig. 5.1 t h a t  iqT> i s  indcpender.t of T a t  xF - 0-where 

2 x1 = x2 = Thus <qT> i s  i n s e n s i t i v e  t o  which x regions  of the  parton . 

d i s t r i b u t i o n  f u n c t i o ~ s  t h a t  con t r ibu te  t o  t he  formation of the  l ep ton  pa i r .  

A s  % increnses  d i f f e r e n t  x l  and x2 regions  a r e  probed. The i n s e n s i t i v i t y  
2 mentioned above then impl ies  the approximate independence of <qT> on x 

F' 

2 Comparing (6.4) t o  (6.1) i n f e r s  t h a t  ckT>R i s  n e g l i g i b l e  a l so .  This i s  

no t  i ncons i s t en t  wi th  our  d iscuss ion i n  Section V.-A. The ca l cu l a t ed  

values 50)953) of R nre  small compared t o  the  o l d  experimental  va lues  54) ,551 

of R,  l e t  alone the  new one,  56) 

I n  l i g h t  of (6.4) t he  value of ~ k $ ~ ~ ~  must now be  revised  upward. This 

br ings  us t o  t he  ques t ion  of s  dependence. The CFS d a t a  271 shown i n  Fig. 6.5 
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e x h i b i t  an inc rease  i n  <qT> as  Plab ranges from 200 t o  LOO GeV/c. For the  

f l a t  rcgion &he following parametr iza t ion  i s  given 

2 I f  <qT>Dcrt "ere important,  one wouli n a t u r a l l y  a s soc i a t e  with i t  the s  

dependent. term above, s ince  i t  can be shown from pe r tu rba t ive  ca l cu l a t ion  

t h a t  
61)-63) 
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where t hc  s ca l ing  funct ion  h ( r , a s )  does no t  depend on as a t  t he  lowest non- 

t r i v i a l  order.  Q u a n t i t a t i v e l y ,  f o r  t h e  range of va lues  of M cu r r en t ly  

explored,  (6.6) i s  i n  the  genera l  v ~ c i n i t y  of the  second term i n  (6.5).  It 

i s  unfortunate t h a t  t h i s  a s soc i a t ion  cannot be made on account of the x 
F 

iodcpcndcncc. Tli,? burdcn i s  thcn on <k21,ad  to  produce the  co r r cc t  s  

Recall ing (6.3) we note  t h a t  -dhile <\50 i s  some f ixed number indepcn- 
2 dent of Q , 2 <k2nar row can de?end 03 Q , hence, s  f o r  f ixed r . Here we a r e  

r e ly ing  on the  c o ~ ~ i c a l  s t ruc t . l re  o f  the j e t  (partons i n  a  hadron) to  allow 

< k?. narro,,, t o  i nc reasc  with c x r g y ,  s ince  a  conica l  d i s t r i b u t i o n  has. no 

inhcrcnt  s cz l e .  Q u a n t i t a t i v e  r e s u l t s  have been obtained i n  a  model study and 

a r e  i n  a3recment wi th  the  da t a .  They w i l l  be discussed i n  the next sec t ion .  

The conclusion wc draw. in  t h i s  s ec t ion  i s  t h a t  the  lepton p a i r s  de t ec t ed  

so f a r  i n  hadron-hadron c o l l i s i o n s  a r e  mainly produced b y ' t h e  d i r e c t  

ann ih i l a t i on  of quarks and ant iquarks  i n  t he  parton j e t s  of the i n c i d e n t  

p a r t i c l e s .  In  conse,quence, the  d i l ep tons  have an airerage <qT> t h a t  i s  

independent of xF. I n  c o n t r a s t ,  t he  pe r tu rba t ive  ca l cu l a t ions  i n  QCD 

e s s e n t i a l l y  study four  j e t  events ,  two of which a r e  remnants of the  i nc iden t  

hadrons, the  t h i r d  i s  the  lepton p a i r  a t  a  l a rge  angle,  and t h e  l a s t  one i s  

the quark o r  gluon j e t  r e c o i l i n g  aga ins t  t he  d i l ep ton .  The <qT> of such 

processes a r e  n a t u r a l l y  s e n s i t i v e  t o  xF. The fou r - j e t  events  w i l l  no doubt 

emerge a t  high energy and should be looked f o r  t o  check QCD. Howcver, they 

c o n s t i t u t e  an i n s i g n i f i c a n t  por t ion  of the  events  de tec ted  now. The s i t u a t i o n  

i s  analogous t o  the  large-pT physics f o r  pion production.  D i s t i n c t  QCD 

f ea tu re s  such as  p: have not  ye t  appeared. For pT < 5 Geirlc the  par ton 

t ransverse  momentum plays  an important p a r t  i n  t he  shape of t he  i nc lus ive  

d i s t r i b u t i o n .  S imi lar ly ,  i n  LPP one must a l s o  focus on the t a i l  of the  qT 

d i s t r i b u t i o n  and s tuuy c o r r e l a t i o n  between opposi te  j e t s  t o  i s o l a t e  the  

simple QCD e f f e c t s  s tudied  i n  pe r tu rba t ive  ca l cu l a t ions .  

V I I .  QUARK PARTON MODEL IJITHOUT NEGLECTING PARTON kT 

Phenomenology of LPP a t  present  energies  has forced us t o  the view t h a t  

the Drell-Yan mechanism i s  dominant and i s  repsonsib le  f o r  almost thc e n t i r c  

range of qT measured. Thus the  qT of t he  d i lepton owes i t s  o r i g i n  t o  the  

parton kT i n  t he  d i s r r i b u t i o n  funct ions .  The component of kT due ' t o  quarlc 

binding cannot be r c l i a b l y  calculated; the  o the r  component due t o  gluon 

correc t ions  i n  e narrow cone a t  high Q2 should, i n  p r inc ip l e ,  bc ca l cu l ab lc  

i n  QCD j u s t  l i k e  the e f f e c t s  of s ca l ing  v io l a t ion .  46) ~owcvcr ,  a t  present  

there  a r e  no unambiguous r e s u l t s  f r e e  from adjus table  parameters. In  t he  

absence of any d e f i n i ~ i v e  desc r ip t ion  of the kT dcpendcnce of the d i s t r i b u t i o n  
2 

funct ions  G(x,kT,Q ) i n  QCD, the  problem of LPP c.an only be d c a l t  with i n  a  

phenomenological i nves t iga t ion  i n  .the .framework of Q1'1-I su i t ab ly  gcncralizccl 

t o  account f o r  n o n n e g l i g i b l e  kT. This,  of course, would not be very 

meaningful i f  the Drell-Yan mechanism i s  found not  t o  be dominant. The 

ob jec t  of t he  i nves t iga t ion  would then change from making p red ic t ions  i n  QCD 

t o  checking consistency among a l l  processes t o  which QP>I i s  r e l evan t  and on 

which data  a r e  avai lable .  This has been done i n  Refs. 33) and 68);  we give  

here some of the  r e s u l t s  of Ref. 33). 
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2 
Sincn- G(x,k,,Q ) inc ludes  only t h e  hadronic kT components indica ted  i n  

(6:3), t he  par tons  a r e  a l l  near ly .  on s h e l l .  It i s  only when a  gluon i s  

emitted with a  l a rge  kT t h a t  t he  associa ted  quark goes o f f  mass s h e l l  and a  

power of log Q2 i s  l o s t  i n  the  c a l c u l a t i o n  of t he  s t r u c t u r e  funct ion .  Thus ' 

i n  rhe genera l izaz ion of t he  QPM we continue t o  use the  usual  assumptions t h a t  

partons a r e  on mass s h e l l  and impulse approximation appl ies .  However, we. 

l e t  kT t o  be non-aegligible,  while keeping i t  wi th in  t he  bound of 

This i nequa l i t y  is, of course,  no t  very  p rec i se  f o r  our purpose he re  s ince  

E is undetermined and Q2 may not  be very l a rge .  I t s  o r i g i n  [ c f .  d i s c u s s b n  

fo l louing (2 .1)]  fo l loxs  from t h e  mathematical p rope r t i e s  of d ivergent  

i n t e g r a l s  a s  Q2 + -. For f i n i t e  values of Q ~ ,  .E need n o t  be i n f i n i t e s i m a l  ' 

t o  keep the par tcn  from going s i g n i f i c a n t l y  o f f  mass s h e l l .  Thus a t  "~oI?" 

2 2 2 ?12, say 20(GeV/c) , <kT>had may wel l  be a s  l a rge  a s  the  observed 1 (GeV/c) . 
The generalizzd C!PM has been extended t o  include t h a t  region. 

Because kT i s  no t  neg l ig ib l e ,  a  number of new,fea tures  a r i s e  t h a t  a r e  

absent i n  the  nzive QPPI. The Bjorken va r i ab l e  x i s  no t  neces sa r i l y  t he  

part on,'^ longitudinal-momentum f r a c t i o n ,  which i n . i t s e l f  i s  no longer a  

Lorentz i nva r i an t .  A new s c a l i n g  va r i ab l e  z  i s  needed t o  desc r ibe  the  

t ransverse  degree of freedom. Through z  DIS and LPP can be k inemat ica l ly  

r e l a t e d  and un i f i ed  by a  conmlon par ton d i s t r i b u t i o n  function.  I n  recogni t ion  

of the con ica l  s t r u c t u r e  of the kT dependence, t he  d i s t r i b u t i o n  funct ion  G 

has been parametrized i n  terms of a  r a d i a l  s ca l ing  va r i ab l e  and an angle.  

It i s  found t h a t  i n  terms of a  s i n g l e  G funct ion  (with appropr ia te  separa t ion  

of quark and ant iquark  components) a l l  da t a  on DIS and LPP can be simul- 

taneously f i r t e d ;  more s p e c i f i c a l l y ,  they a r e  VN2,  R, dU/dl.ldy a t  y  = 0,  and 

<q > vs.  N. T 
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Since the  parametr iza t ion  of G has no s c a l e ,  t he  ca l cu l a t ed  <q > must 
T 

increase  with & f o r  f ixed T. It  i s  found t h a t  the value i n  t h e  f l a t ,  p l a t eau  

region behaves a s  

a t  l a rge  s .  This r e s u l t  vas obtained before  the da t a  ") on energy dependence 

became lcnoxm. It agrees with (6.5) r a t h e r  wel l .  

The conica l  s t r u c t u r e  of t he  parton d i s t r i b u t i o n  i n  a  hadron can b e s t  

be described i n  the  BreFt frame f o r  DIS, which i s  f r e e  of the  c o n s t r a i n t  

between x and Q2 i n  LPP. I n  t h a t  frame \ = Q/2 and x  = kL/P, P  being t h e  

momentum of the  hadron. I n  a  schematic drawing t h a t  exaggerates t he  

t ransverse  s ca l e ,  t he  parton d i s t r i b u t i o n s  f o r  var ious  values  of P 
It  i s  a l s o  discovered t h a t  s i g n i f i c a n t  and i n t e r e s t i n g  depar ture  from 

. . (PI < P2 < P ) may look l i k e :  
, (5.8) occurs f o r  a  wide range of M where d a t a  e x i s t .  This i s  shown i n  Fig .  3 

- 7 , l .  It i s  a  manifes ta t ion  o f . t h e  f a c t  t h a t  kT i s  no t  neg l ig ib l e  a n d , t h a t  

' the convolution i n . ( 2 . 2 )  over an e l l i p s o i d a l  surface  in t roduces  t he  d is -  , 

. crepancy between <k$ and < q T > / C .  Note t h a t  where cqT> i s  f l a t  i n  accor- ,  

$':.: , Lance t o  the data ,  <kT> increases  with M, a behaviour reminiscent of Fig.  5 . 2 ,  
4; '. . ?,I: - Thus i n  tha t  f i gu re  the  agreement with d a t a  i s  a c t u a l l y  b e t t e r  than w e t s  
,?:.:.? . 
<:'F:;;... ' the eye. 
;: c ' 
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Apart from t t c  kinematical  turn-over a t  high kL the  re1a:ionship between<? 

and k i s  bas i ca l ly  conica l .  P lo t ted  agnins t  x, < k <  exh ib i t s  a  "flying" L  
sea-gull  e f f ~ c t  i n  t h a t  a t  f ixed x i t  increases  with Q. The independence of 

the  d i lcpton ' :  (qT> on M i s  to  >e understood through the  d i f f e r ence  between 

<kT> and <qT:/4F a s  shown i n  Fis .  7.1. The increase  with & i s  se l f -cvidcnt .  

I t  i s  a n t i c i ~ c t c d  t h a t  the  same p rope r t i c s  a r e  possesscd by the j e t  s t r u c t u r e  

of parton deczy i n t o  hadrons. 

. . 
V I I I .  OTHER JESTS OF THE DELL-YAY tCCHIANTSE1 

In  previous s ec t ions  we have discussed how well  t t e  Urell-Yan mechanism 

works in  LPP h e n  a l l  ava i l ab l e  da t a  on the process a r e  c o l l e c t i v e l y  taken i n t o  

account. In t h i s  s ec t ion  we mer.tion ~ h r e e  poss ib le  t e s t s  t o  check the  mechanism 

f u r t l ~ e r .  Correspondi~lg experiments t o  ca r ry  out  the t e s t s  , a r e  t he re fo re  

suggested. 

So f a r  i n  applying the Drell-Ycn mechanism some ad jus t ab l e  funct ions  

descr ib ing the' quark and ant iquark  d i s t r i b u t i o n s  must be assumed t o  f i t  the 

data .  Thus there  a r e  always s o m  f r e e  parameters i n  the aodel .  However, i f  

the Drell-Yan-formula i s  s t r i c t l y  co r r ec t ,  exact  sum r u l e s  can be 'derived from 

i t  t h a t  a r e  f r e e  frcm any adjus table  p r a m e t e r s .  6 9 )  Con?rontation with data  

can then prnvidc a  c lean t e s t  of the  'hminance of t he  mechanism. 

- To be f r c e  from the unce rza in t i s s  r e l a t e d  t o  the  d i s t r i b u t i o n  funct ions  

C h f v f  i n  (Z.?) ,  we r e c a l l  the cxact  sum r u l e s  well-known i e  leptoproduction 

and o the r  s imi l a r  oncs f o r  d i f f ezen t  hadrons. In o rde r  t o  make use of them 
2  i n  LPP, we consider the i n t e g r a l  ( f o r  ~ i x e d  M ) 

where h l  an? h, stand f o r  t he  becm and t a r g e t  hadrons, and h l  i s  the  an t i -  

pa ; t ic le  of h i .  Subs t i t u t ing  (2.3) i n t o  (8 .2) ,  one ob ta ins  

- 
where C 4na2/9 and N : ~ ~  = ~ ~ ~ ' ~ ' d ~ k / k ~ .  Now cguat ions  iuch a s  (8.1) 

can be used f o r  var ious  h ,  and h2,  y i e ld ing  the  followiqg t a b l e  f o r  I: 

These sum r u l e s  a r e  independent of the  d e t a i l s  about the G funct ions ,  and of 

the  val& of M provided t h a t  i t  i s  high enough t o  warrant the Drell-Yan p i c tu re .  

The in t eg ra t ion  i n  (8.2) i s  over T f o r  f ixed xL; thus i t  i s  e f f e c t i v e l y  

over s ,  which i s  not  easy t o  do experimentally.  I f  we neglec t  s ca l ing  v io l a t ion  

which i s  not  unreasonable i n  view of Fig.  4.2, (8.2) may be re-expressed i n  

terms of an i n t e g r a l  ove; bf2 f o r  f ixed s  

Here the  two terms i n s i d e  the  square bracket must cancel at: small $!:I' s i nce  

they diverge individual ly .  I f  they do not cancel i n  the l i m i t  E? -) 0, i t  . 
2 

means t h a t  the  observed da/dM d i f f e r s  from the  predic t ion  of thc Drcll-Ynn 

formula i n  a  way which i s  no t  i nva r i an t  under charge conjugation of the  beam 

hadron; i n  t h a t  case the i d e n t i f i c a t i o n  of (8.4) with (8.21, and consequently 

with the  values i n  t he  above t ab l e ,  i s  i nva l id ,  and onc i s  thcn forced back 

t o  the use of (8.2). 

Ve r i f i ca t ion  of t he  sum r u l e s  provides an unambiguous a f f i rma t ion  of 

the  a p p l i c a b i l i t y  of the Drell-Yan mechanism. 

B. ANGULAR DISTRIBUTION OF THE LEPTONS 

One can a l s o  l ea rn  about the  LPP mechanism by studying t h e  angular  

d i s t r i b u t i o n  of the  leptons  i n  the  r e s t  frame of the lepton p a i r  r e l a t i v e  t o  
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sbme axis .  70)-73) I f  t h a t  a x i s  . i s ' a long  one of the i nc iden t  hadrons, then it 

s p e c i f i e s  the Gottfried-Jackson angle 0, which we use here  f o r  de f in i t enes s .  

I n  a Drell-Yar. p i c t u r e  i f  the  a l n i h i l a t i n g  qua rk  and ant iquark  have no t rans-  

verse  momenturc,relative t o  t he  inc ident  hadrons, then the  Gottfried-Jackson * + -  
frame i s  the  same a s  the  c.m. system 3f the  subprocess q F +  y + LI LI with the  

z ax i s  along the  i n i t i a l  parton;. Hence, one expects 

On the o the r  hand, i f  the  parton t ransverse  momenta a r e  nonzero, i t  can be 

shown t h a t  (8.5) is modified t o  

where the  c o e f f i c i e n t  A i s  l e s s  than one and depends on o t h e r  kinematical  

va r i ab l e s  of LPP. I t  i s  i n  the  cha rac t e r  of A t h a t  one hopes t o  f i nd  

ind ica t ions  of the nature  of the  production mechanism. 

I f  i n  a d i r e c t  qq ann ih i l a t i on  of the Drell-Yan type the  only t ransverse  

momenta of thc partons a r e  " i n t r i n s i c "  and f ixed,  e.g.  <kT>o, then A decreases 

v i t h  increas ing M~ and i s  t he re fo re  nonscaling.  71 ) ' 72 )  On the  o t h e r  hand, i f  

t he  production mechanism i s  of the  e x p l i c i t l y  non-Drell-k'an type t h a t  involves 

hard gluon emission with la;ge kT, then A s c a l e s  a p a r t  from logarithms 73),74) 

i . e .  i t  i s  a f anc t ion  of 5 and T. However, t he re  i s  the  in termedia te  region 

corresponding t o  kT being i n  the narrow cone, the  s i t u a t i o n  which we have 

argued t o  be  t'xe predominant on€. There i s  no e x p l i c i t  statement of the  
' Sehaviour of A i n  t h a t  case.  F ~ r t h e r  work i s  needed t o  map ou t  the  behaviours 

2 3f A ( i n  both xormalization and shape: a s  funct ions  of M , % and T f o r  a l l  

three  cases meltioned above. Experiments on the  angular d i s t r i b u t i o n  remain 

t o  be done. 

. C. HADRON PRODUCTION I~IITM I)ILEPTOF: TRICCER 

Another way t o  l ea rn  about the LPP mechanism i s  t o  use LPP a s  a t r i g g e r  

. . . . . in studying the  production of hadrons a t  low pT but  l a r g e  x. A meaningful 
t. ,:,.. . 

i prediction a b 0 1 ~ t  t h i s  type of c o r r e l a t i o n  r e l i e s  on a s ens ib l e  model f o r  
,,"il. 
;;'v5i;. . hadron production i n  the  fragmentation region. The. parton recombination model 
., -... 
, , ., . 

$ 5 : ~  . . . 38) has been successful  39)-42)976) i n  g iv ing a q u a n t i t a t i v e  understanding 
;...:;-,:, .'.. 

: ,,.,"..4.. !cmt::;:: of the meson inc lus ive  d i s t r i b u t i o n s  a t  low pT. In  t h a t  model a.meson a t  
.,. j IL+ -1- .k,p:irc: ' . . 
;,&.j :.:;,; ; 

.<. l;?,..? ,- . 

a t  l a r g e  x i s  produced by a f a s t  valence qua+k of the inc ident  hadron recom- 

bin ing with an ant iquark  from the  sea  o f ' t h e  same hadron. Thus i f  the  same 

f a s t  valence quark i s  needed f o r  the  d i l ep ton  t r i gge r ,  then the meson d i s -  

t r i b u t i o n  w i l l  obviously be se r ious ly  a f f ec t ed .  

In  Ref. 75), t he  Drell-Yan mechanism i s  assumed f o r  LPP and the  r a t i o s  

of t h e  semi-inclusive cross  s ec t ions  f o r  the production of n+ and n- a r e  

ca lcula ted  f o r  var ious  beam p a r t i c l e s  and f o r  var ious  values  of 7 of the  

d i lepton t r i g g e r .  The most dramatic f e a t u r e  predic tcd  i s  i n  ~ ( n + ) / a ( n - )  vs.  7 

f o r  n+p co l l i s ion .  As fi i nc reases  from 0 t o  0 .4 ,  the  r a t i o  a t  x = 0.5  

increases  by more tha3 a f a c t o r  2. This i s  t o  be understood a s  fo l lo i fs .  The 

n+ beam p a r t i c l e  has a 2 valence quark which i s  llighly e f f i c i e n t  i n  dep le t ing  

the d valence quark of the t a r g e t  proton i n  forming a high T lepton p a i r .  The 

remaining valence quarks of t he  proton a r e  both u-type which can r ead i ly  

produce nt a t  l a rge  x but no t  n-. 

Ref. 75) does not  address i t s e l f  t o  the ques t ion  of t e s t i n g  the  

d i f f e r ence  between Drell-Yan and non-Drell-Yan mechanisms. I n  the l i g h t  of 

our discussion i n  Section V I  i t  i s  not  d i f f i c u l t y  t o  extend t h e i r  argument t o  

provide such a t e s t .  Since the non-Drcll-Yan processes a r e  expected t o  be 

important only a t  l a rge  qT, one should study, f o r  example, t he  r a t i o  o(n+)/a(n-) 

i n  n+p c o l l i s i o n s  mencioned above a s  a funct ion  of qT f o r  some f ixed  l a rge  - a 
x and l a rge  7. As qT inc reases ,  i f  t he  "Compton" subprocess + g -f d + Y 

a t  l a rge  angle becomes important,  t he  d quark i n  t h e  proton i s  no t  ann ih i l a t ed  

a good f r a c t i o n  of t he  time; consequently the  r a t i o  should decrease accordingly.  

The dependence of the r a t i o  on qT i s  t he re fo re  a good measure of the  ex t en t  t o  

which the  "Compton" subprocess plays an i m p o r t a ~ ~ t  r o l e .  According t o  per tur -  

ba t ive  ca l cu l a t ions  i n  QCD 62)-64) i t  i s  dominant a t  high qT; the proposed 

experiment would determine how high i s  "high". 

I X .  CONCLUSION 

We have reviewed the recent  da t a  on LPP and used them t o  examine and 

i n t e r p r e t  the  many theo re t i ca l  papers t h a t  have been wr i t t en  on the  sub jec t .  

Our emphasis has been t o  e x t r a c t  from the t h e o r e t i c a l  r e s u l t s  t h e i r  physica l  

relevance t o  the  phenomenology of LPP a t  present  energies .  On the  whole we 

have found t h a t  the  Drell-Yan mechanism works extremely wel l ;  i n  f a c t ,  we have 

found no s i g n i f i c a n t  c o n f l i c t  with any data .  Theore t i ca l ly ,  QCD expla ins  why 

i t  works b e t t e r  than one should naively  expect.  
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QCD, howcver, a l s o  p r e d i c t s  t h a t  t h e r e  a r e  d i s t i n c t l y  non-Drell-Yan 

p r s c e s s e s  which s h o u l d  become i m p o r t a n t  a t  h i g h  qT. Phenomenology has  l e d  

us  t o  conc lude  t h a t  t h e  k i n e m a t i c a l  r e g i o n  i n  which i t  i s  cominant  h a s  n o t  
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