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l._ INTRODUCTION 

The study of hi^h mass lepton pair JTHI 1 . Lion 'ir i >; nun i J .'!•; :i 

by-product of the .search for nt-w particles. In 1969, thu Colurno la-BNL 

group searching for the intermediate vector boson cjservtHl ' the pro­

duction of direct u u~ pair; with masses of up to about f> O V which rould 

not have been explained by experimental b;ickj',round. An explanation of 

the production process was proposed in 1970 by Drell md Yan 2 in terms 

of the quark parton model. Their approach has been, in general, success­

ful, and it is now custoi.mry to call production of massive lepton pairs 

the Drell-Yan process. Today the lepton pair continuum is no more an 

unwanted background masking the production of resonances. It is a 

topical subject providing the sensitive testing ground for the various 

models of strong interaction dynamics. In the parton model, and recent­

ly in Quantum Chrouiodynamics (QCD) , one can calculate a number of 

predictions for this process which can be tested with high accuracy. 

In the first part of these lectures I will define the Drell-Yan 

mechanism in terms of the parton model and describe the modificatir 

expected from QCD description oT the p.-cess. In Sections 3 to 5 

I will review the present status of the data concentrating on the topics 

relevant to tests of the theory and in Sections 6 to 8 I will summarize 

the problems of the phenomenology of the data. For the discussion of 

other aspects of lepton pair production and earlier results, the reader 

is referred to other reviews. 3»** 

2. THE DRELL-YAN MECHANISM 

2.1 Definitions and Variables: 

The model proposed by Drcll and Yan to describe massive lepton 

pair production is depicted in Figure 1. Tn this .nodel a quark from one 
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1. The Drell-Yan diagram. 



of the incoming hadrons annihilates with the corresponding antiquark 

from the second hadron producing a virtual photon of mass M, which then 

decays into a pair of leptons. For simplicity one usually neglects the 

transverse momenta of the quarks inside the hadrons and the masses 

involved. The cross section is then descrjbed by: 

a -f^2 g f, 1 / 1co^) +y.h i / ,w] 
flavors 

» " 1 ( q 1 5 i - Y * ) « ( M 2 - ( k a + k b ) 2 ) d M 2 , ( 0 

where functions G(x) represent the probabilities of finding the quark 

or antiquark with a fraction x of the parent particle momentum. 

k = xP 

The variables describing the virtual photon are related to the overall 

center of mass energy squared s and chc fractional momenta of the 

quarks by: 

" 2 = ( k* + M 2 " s x i x 2 

*F = 2 PL I ^ = X 1 ~ X 2 

It is oi'ten convenient to introduce the sraHnp, varinhlf"- T, T = M IF. -

x.x„ representing the fraction of the total c m . energy used in the 

formation of thp virtual photon. The quark variables may then be 

expressed in terms of the lepton pair quantities by the following set 

of relations; 



xl,2 " \H + ^ '- *F 

*1,2 " ^ e ± y 

where y is the rapidity of the virtual photon. 

2.2 Light Cone Variables: 

In general the quarks may have a non-zero transverse momentum 

inside the parent hadrons and may be far off mass shell. In such a 

situation the calculation of the kinematical quantities should then be 

performed using light cone variables. The four vector of the incoming 

hadron P. with mass H, the annihilating quark k , and the recoil system 

1 with mass m are then defined as follows: 

p

A - {*+%• v >-£) 
v ( + ^ + " a t %+kl) 
k « 1 xp + — , k_, xp T / 

a \ 4 x p T * K 4xp / 

They fulfill the energy-momentum conservation requirement: 

k = P A - 1 a A a 

a \ 1 - x x / 

Calculations using the light cono variables arc usually quite complica­

ted and in general yield results which are the same as when using the 

on-mass-shell kinematics. There are, however, certain regions of phase 
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space (e.g., I he larp,e transverse momentum rcrion) writ;re Mif usi' of the 

off-mass-sbell kinemat Ics significantly uf frets the ifsult:;. J 

2.3 Subi-rocess Cross Section: 

The cross section for the subprocess of the quark-antiquark 

annihilation may be written in analogy to the electron-position 

annihilation 6 

/ - *, Ana 2 2 ] 

where a is the electromagnetic coupling constant, c, represents the 

quark charge and n is the number of colours. Since the factor 1/n is 

the same for all the qq annihilation terms, the magnitude ol" the lepton 

pair production cross section is B sensitive test of the idea nf colour. 

2.4 Differential Cross Sections: 

The differential forms of Equation (1) with number of colours set 

to three are usually written as: 

- ^ . *=L- F ( l ) (2) 
Mr 9M* 

F(T. X J ) (3) 

Here the scaling functions F ( T ) and F(i. x_"\ are formed entirely fro 

the dimensionless variables. 

F(T) - S ^f-\-~2 [ G

q i M ( x i ) r , q i /B ( ^ ) + ( qi** ;'i'l s ( ' ~ * ' x 

x *(x p- (K, - x.,)) 



In the case of proton-proton collisions, one can write the function 

F ( T ) explicitly, neglecting charmed and hravier quarks: 

F(r) - ^ d x ^ l x , 6(,-» 1x 2){|[u A(x 1>r, B(x 2) + 3 A(x l)u B(x 2)] 

+ |[d A(x 1)d B(x 2) +5 A(x 1)d B'x 2)] • i[ 5 A(^)i B(x 2)+5 A(x,)s B(x 2)]J, (4) 

where u(x), d(x) and s(x) are the probability distributions for finding 

the up, down and strange quark respectively with fraction x of the 

parent proton momentum. It is the premise of the parton model that 

these functions are the same as measured in deep inelastic lepton 

interactions. In contrast, however, to electron proton scattering, 

they appear in this formulae in quadratic form, 

2.5 Drell-Yan Process in QCD: 

Quantum Chromodynamics introducew modifications to the parton 

model in form of the possible emission of gluons. The first order 

diagrams in the strong coupling constant a , which contribute to the 

Drell-Yan process are shown in Figure 2. Of course, there are many 

higher order diagrams which contribute less to the cross section due to 

the higher powers of a . These are usually neglected in the phenomeno-

logical calculations. The first order diagrams correspond to the 

"Corapton" and "Annihilation" processes respectively, where the gluon 

plays the role analogous to the photon in quantum electrodynamics. The 

subprocess variables, defined in Figure 2, are related to the overall 

c m . variables through the following set of relations: 

5 - X ; X 2 S 

i - Xjt + (1 -Xj)M 2 

2 u = x 2u + (1 - X-}M 
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Annihilation 

Compton 

2. First order in a QCD diagrams contributing to thp Drell-Yan 

process. 



Here again transverse momentum of the quarks and the masses Involved 

had been neglected. Both the "'Compton" and "Annihilation" cross sec­

tions can be calculated in the field theory 7 » 8 and expressed in terms 

of the subprocess variables: 

d o (Annihilation) (5) 

J 2 m - \ 1 2 2 2M 2u + s 2 + t ... 
d P (Compton) = -r- a a e, ^ (6> 

dM2d£ S -~s G 

Both formulae (5) and (6) are divergent for the small values of t cr u 

and therefore are difficult to use in phenomenological applications. 

Politzer 9 and Sachrajda 1 0 have proposed a perturbative approach which 

usually identified with M for the Drell-Yan process. For the qq anni­

hilations, Politzcr found that the divergent parts of the contributions 

due to the soft r.luon emission have a factori2able form, and that they 

can be absorbed into the incoming particle wave function. Similar results 

were obtained by Sachrajda for the quark-quark, quark-gluon and gluon-

gluon subprocesses. The structure functions of the parent particles 

become Q dependent, but they are again the same as in deep inelastic 

leptoii scattering As the result the psrton model description of the 

Drell-Yan ann-fss is recovered but with .idditional scale violating com­

ponent (Figure 3). 

For the detail.6; of the perturbat ivp approach to QCD, sre S. J- Brodsky's 
lectures at tit i^ school. 



3. Illustration of the diagrams contributing to the renormalization 

group improved quark and antiquark distributions. 



-^ - ^ r ( t , , ! ) (7) 
dM 9M 

There are several steps in this approach for which the theoretical 

understanding is not yet complete. 

1. Diagrams of higher order in a contributing to the process 

also have similar types of divergencies in the cross sections. Although 

some secoi4 order terms have already been calculated, it is so far not 

proven that all those divergencies may be treated in the same way as in 

the case of the first order diagrams. 

2. Non-leading terms, neglected in first approximation, may 

have substantial concributlons to the cross section thus modifying 

the results. 
2 

3. The identificcrion of the scale breaking variable Q with 

n may not be correct in the kinematical regions of phase space with 

two or more large dimensional variables e.g., for large mass lepton 

pairs produced at high transverse momentum. 

4. Although in deep inelastic lepton scattering the photon 

Is space-like ( Q < O ) while in the Drell-Yan process It is time-like 

( Q 2 > Q ) , the identification Q n , J = Q D Y is needed In the factorization 

procedure In order to deal with the same quark structure functions in 

bath processus. 

Despite thos.* theoretical caveats, the procedure is remarkably 

simple and, *s will be shown in the next sections, it describes most 

ot rliu general features uf the; current experimental data. 

There wurn recently published several papers applying the QCD 

phenomenology to the Drell-Yan process. **' r'~ n In Rr-nernl they fnllow the 



prescription given ?' ove and differ only in the procedures for extract­

ing scale breaking quark distributions needed as input to Eqs. (7) and 

(4). The accuracy of these structure functions represents a limiting 

factor in the phenomenology of lepton pair productions. I will return 

to this problem in Section 3. 

3. PARTICLE TYPE DEPENDENCE 

3.1 Tarfiet Dependence: 

Since the density of the heavy nuclear target is much higher than 

that of the hydrogen, the nuclear t irgets are often used to study the 

low cross section processes. It is then an experimental problem of how 

to extract the cross section of a given process on nucleus from the 

measurements involving heavy nuclei. It has been observed in several 

different experiments, that the cross section has to a eood aoproxiina-

tion a power law behavior as function of the nuclear number A 

a = aQ A a . (8) 

In coherent processes e.g., diffractive production, where one expects 

shadowing effects to exist, the value cf as?/3 is both observed exper­

imentally and expected from Glauber theory. On the other hand for hard 

scatterinr. processes involving partons, one does not expuct any shadow­

ing to occur. The incoming set of partons should see the? Lar^et as an 

ensemble of point-like constituents with their number proportional to 

the number of nucleons, i.e., a • 1. 

The dependence of the parameter a on the mass of the ii y pairs 

produced in pN collisions in shown In Figure 4. At low mass the value 

of a Is close, to a= 2/3. It rises with increasing mas? ;ind aitains 

plateau consistent with a = 1 for M> 3 CeV. Similar behaviour ran be 
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seen In Figure 5a for the plan induced reactions. The points measured by 

the Chicago-Iilinois-Princeton group 1 1* have suf.f irirr.t ly Large errors 

to be consistent with the recent result of the CERN HA3 experiment, 1 5 

fciving a value of a = 1.02 ± .02 for <j y mass above 4 GeV. It is impor­

tant, however, to remember that a variation of 0.10 in the a dependence 

corresponds to the difference of ~ 7 0 % in Che absolute cross section 

on single nucleon extracted from the measurement on a tungsten target. 

As can be seen in Figures 5b and 5c, the parameter a has no 

obvious p or x^ dependence for the high u p mass indicating that the 

normalization of the cross section is independent of the kinematics. 

There is a natural interpretation of the observed effects: At Low 

lepton pair mass the Drell-Yan process represents only a small fraction 

of the total cross Section. Other coherent mechanisms and absorptive 

effects contribute substantially to the cross section, thus masking the 

characteristic features of the hard process. At higher mass, however, 

those other processes may be assumed to be negligible and the Drell-Yan 

mechanism dominates. The study of the target mass dependence defines, 

therefore, the region of applicability of the Drell-Yan description of 

massive lepton pair production. Only the region where a= I, i.e., for 

M> 4 GeV, can be used for tests of the parton model and QCD calcula­

tions of the Drell-Yan process. 

3.2 Beam Dependence: 

One of the first qualitative successes of the parton model descrip­

tion of the Drell-Yan process was the observation of the effects expect­

ed for various incoming beams. For the isoscalar nuclear targets one 

usually neglects the contribution of the sea component to the annihila­

tion process. With such assumption the relative yield of lepton pairs 
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depends only on Che quark content of Lhc beam. Figure 6 shows the 

ratio R« of ration pair production in n N anil ^ N interactions as a 
+ _ lit.15 

function of mass of the u VJ pair. In the region where the sea of 

the pion may be neglected i.*?-, at large values of x (which correspond 

to high mas»), the value of R. should approach the ratio of the charges 

squared of the annihilating antiquarks. 

2 
o(n N + ii u X ) I 

1 

The data in figure 6 show a clear trend confirming such expectations. 

The value of R., expected from the contribution of the sea to be equal 

to 1 at low x, decreases with increasing mass and is compatible with 

1/4 at large x. II.e energy dependence of the decrease reflects 

variation of the r^nge of x contributing to fixed values of u u . 

?'ore dram^'-ic effects are expected for r ̂  ratio of pion and proton 

interactions producing lepton pairs. In j>N collisions thu annihilating 

sea anLiquark is confined l.n smi.ll values of X. Therefore the cross 

section is expected to Jecrcasc .s'uirply with increasing mass. On the 

other hand, the incoming pion has a vilence antiquark thus providing 

a larger X for mass) range for the Drell-Yan process. 

The ratio of the muon pair production by the pion and proton beams 

is shown in Figure 7. It exceeds the value of 100 for masses above 

10 GcV re.V.. t.-'ng tha difference of the ant i quark x distrinul inns. 
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4. MASS SPECTRA 
4.1 pN Interact[mis: 
The u u mass distribution shown in Figure 8 represents one of the 

most impressive measurements of the high energy experiments of the last 
few years. The Col-umbia-Fermiljb-Stony Brook results span almost ten 
orders of magnitude of the cross section and extend to mass of about 
20 GeV. The mass resolution allows for clear separation of vector 
mesons from the Drell-Yan continuum. Several groups have measured this 
spectrum at various energies. The compilation of results presented in 
form of the scaling function F(T) is shown in Figure 9. The Fermilab 
data are well parameterized 3 by the formula 

d/T dy 
= 44.4 e M b , (9) 

y-0 

while the CHFMNP group i a at the ISR obtained the best fit to the data 
with 

M 3 do . 5 _ ; 3 < 1 - / T ) 1 D , l f l-33 ^ 2 ^ 2 _ 
dMdx j— 

It is evident from Figure 9 that the tests of scaling over the 
large energy range are very difficult. Low energy data are limited to 
the mass range below 3 GeV, where other than Drell-Yan processes 
contribute. On the other hand the ISR measurements are concentrated 
at small values of t. The best test of scaling existing so far is 
shown in Figure 10, where the 200, 300 and 400 GeV/c pN results of the 
CFS group 1 7 .ire presented. The agreement with scaling, to within rhc 
20% errors of the ratios, is not in contradiction with the expecta­
tions of QCD, that scale breaking should occur. The measurements of 
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the CFS enlljihornt Inn wort- done at y - (» where, for the pp intLrnctio-iR, 

the x valuer ol the .inn Hi lint fug quarks arc approx [.in.it e! y equal to /r • 

Since the pattern nf sc;'1." breaking of mapB disl rJbu t Jons follows that 

of the structure I'unc t loi :i, one expects no scaling violations for 

ST - 0.2 mid the decrease of F(t) with increasing energy for A > 0.2 . 

The dat3 In Figure 10 m;reu with such behavior. 

4.2 nH Interactions: 

Until recently the spectra of lepton pairs produced in up colli­

sions were available mostly at low masses. The Rochester-BNl, collabor­

ation 1 6 have estimated the relative contribution of the Drell-Yan 

mechanism to the obser-'ed u u mass distributions produced in 16 and 22 

GeV/c r p interactions. As can be seen in Figure 11, the competing 

processes contribute over 50% of the measured spectrum below 3 GeV/c 

making any tests of scaling without detailed knowledge of those 

mechanisms impossible. 

This summer, however, first results became available from the new 

experiments both at Fcrmllab 1 4 and CERN. 1 5 As can be seen in Figure 12 

the cross section measured is much larger than that for the proton 

induced reactions. This effect was already seen in Figure 7, It 

reflects the difference of the pion and proton structure functions. The 

plon induced data are summarized in Figure 13. The shape of the dis­

tribution measured by various experiments is similar. The discrepancy 

in the relative normalizations can be attributed mainly to the 

dlffprent target maps dependence used by the experimenters in order to 

extr.ict the cross section on single nucleons. 

The data at 200 and 280 CcV/c w e n , however, measured in the name 

experiment, thus eliminating most of the relative normalization 
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problems. Within LlicI- I'iZ î rror;; they sltow gond scaling over 

large t range excrpl In tho ups I Inn region. 

3, MOMENTUM SPECTRA OF LEPTON PA IKS 

5.1 Longitudinal Momentum [Hstrib11t ions. 

The diffrrer<~o of the shapes m' [he antlquark Kiructure functions 

of pion and proton are also reflected In the longitudinal momentum 

distributions of r'ne lepton pairs. In Figure 1U are presented the x_ 

distributions measured by the Chic.jgo-Illinois-Princrton collaboration.11 

The data are parametrized as 

E ^ " Hl"r)" ' (11) 

with the parameter 8 fitted in the range 0.2 £ x_. s 1.0. 

There are two obvious observations to be made: 

i) the value of 8 is much smaller for the pion data than 

tor the proton induced results, and 

ii) there is a strong decrease of the value of 8 with 

Increasing mass of the lepton pair. 

Similar behavior was also seen in other experiments. 1 5' 1 6 Both of those 

observations reflect the fact that the x distribution of the annihila­

ting valence quarks in the pion is harder than that of the quarks in 

the proton. 

The small asymmetry around x. = 0 in pN reactions 1 7 ' may be 

explained by the asymmetry of the quark content of the beam and target 

systems. The isoscalar targets have equal number of protons and 

neutrons i.e., equal number of up and down quarks, while the incoming 

proton has two up and culy one down valence quark. The weights given 

by the squares of the corresponding quark charges In the formula (4) 

Introduce the asymmetry in the longitudinal momentum distribution. 
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5.2 Transverse Momentum Distributions: 

In the simple Drell-Yan mechanism, the transversa momentum of the 

virtual photon is related to the transverse momentur. of the annihilating 

quarks. In the pt^ton model such transverse momentum is related through 

the uncertainty principle to the size of the parent hadron and is 

expected to be of the order of about 300 MeV/c. Ir was, therefore, 

a surprise when the observed transverse momentum of the lepton pairs 

was found to be large at large masses and to increase with s. 

The example of the p distribution of the dimuon Is shown 1 9 in 

Figure 15. The data deviate strongly from the exponential behavior 

both in terms of P-, and of p_, and are well parametrized3 >19 by the 

dp •i?y (12) 

The parameter p is very little dependent on mass and x^, but it does 

depend on energy. 

The cltanges of the shape of ttn> p T distributions are probably best 

v r.ible in plots of the average transverse momentum, <p~>, versus the 

i"*) of the lepton pair. The compilation of the available data for the 

p.'aton beams is shown in Figure t6. Tho data points raise from about 

600 MeV/c at low u y~ mass to values exceeding 1.0 GeV/c at higher 

masses. For M > 4 GeV the average transverse momentum seems to saturate. 

Thpre i.s, however, quite strong energy dependence of the developed 

plateau. This is illustrated in Figure 17, where for the mass range of 

6<M(u u ) < 8 GeV the average transverse momentum at 200, 300 and 400 

GeV/c 1 7 is compared with preliminary ISR results nt the CERH-Harvard-

Frascati-MIT-Nap" DIsa Collaboration. 1 0 The linear <p_> dependence on 
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The era. energy a: 

< P T > - 0.6 + 0.022 /s" (13) 

Is compatible1*'20 with the expectations of the QCD. It is worth noting 
that if this behaviour continues at higher energies, the average 
transverse momentum of the lepton poire at e.g., /s~ = 800 GeV would be 
of the order of 18 Ge^'/c, thus introducing serious background to the 
search of the intermediate vector boson. 

The average transverse momentum of the muon pairs produced by the 
pion beams is compared in Figure 18 with that for the proton induced 
reactions. It shows basically the same characteristic behaviour. The 
level of the plateau at higher masses is, however, about 200 MeV/c higher 
than in the pN collisions again reflecting harder x spectrum of pion 
ronsitutents. 
6. QCD PHENOMENOLOGY OF LEPTON PAIR PRODUCTION 

Until recently racst of the features of the lepton pair data, such as 
beam dependence, scaling, longitudinal momentum distribution, etc., w?re 
well described by the Drell-Yan parton model. The need for the departure 
from such a simple picture is, however, indicated by the large transverse 
momentum of the lepton pairs. The QCD procedure described In Section 2.5 
was used by several authors 4' »i2»20»zl t 0 calculate the first order 
diagrams predictions for the Drell-Yan process. The calculations 
required as input the Individual quark structure functions, which had to 
bu extracted from the deep inelastic lepton scattering data. Although 
the nucleon structure function yWj is quite well measured, its decomposi­
tion into the quark distributions is, so fart rather poorly known. 
Nevertheless, the agre eroent of such calculations with the measured mass 
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spectra and the longitudinal distributions seems to be quite satisfactory,22 

thus reproducing the success of the p.-irton model. The transverse momentum 

distributions require, however, a more complicated approach. 

In the perturbative QCD the virtual photon acquires its transverse 

momentum through the emission of hard gluons. The first order in a 

diagrams can be calculated according to formulae (5) and (6). Their 

contribution to the total p_ spectrum is shown in Figure 19. In the 

region of small transverse momenta, where both "Annihilation" and 

"Compton" contributions diverge, one can argue that the non-perturbative, 

confinement phenomena dominate. Nevertheless, even above p.»l GeV/c, 

the contribution of the first order diagrams is about factor of two 

smaller and has the curvature opposite to that of the data. This does 

not mean, however, that the QCD is necessarily failing to describe the 

Drell-Yan process. There are in the literature several ways of 

explaining this problem. 

1. "Primordial" transverse momentum. It is proposedB > 1 2 *2** 

that the intrinsic, non-perturbative, transverse momentum due to the 

quark confinement in the original hadrem is, for <Dme unspecified 

reason, large. The observed p_ of the lepton pair is then described by 

the incoherent sum of ;he primordial component and the contribution of 

the perturbative QCD. The confinement transverse ir̂ mentura is in such 

approach, usually parametrized as Gaussian, with tr-i average k_. varying 

from 0.6 to l.i GtV/c, depending on the analysis. The results fit the 

data (see Figure 20), but there is no good explanation of why the 

primordial transverse momentum is so large. 

2. "Higher twist" effects. The Constituent Interchange Model 

approach 2 5' 2^ is used to account for the neglected high'"- order in 
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a terms* This approach stresses the quasl-hnund structure of the ln-
a 

coming hawr^ns by emphasizing, the meson-quark or diquark-quark subpro-

cuss contributing to the reaction. The model introduces effective 

coupling of mesons to quarks and unknown distributions of mesons inside 

the hadrons, 2 7 but it successfully fits the data on the lepton pair 

production (Figure 21), 

3. An interesting, but also difficult., approach had been 

chosen by Dokshitser, Oyakonov and Troyan 2 6 who have calculated the 
2 

QCD terms to all orders in a in the leading log Q approximation. They 
2 2 have obtained a solution in the kinematicaj region of p >> M , though 

2 the identification of the scale breaking variable Q in the region of 

two large dimensional variables (p T and M) is unclear. So far there is 

no experimental data available for p„ » M. 

Independently of the various schemes described above, it is clear 

from Figure 19 that the measurements of the Jepton pair production at 

very large p_ will provide a sensitive Lest of QCD. In this region 

the higher order corrections are expected to be negligible and numerical 

comparison of the first order calculations with the data will be 

possible. 

It is also interesting to note that Ln the pN reactions the 

"Compton" diagrams dominate, at large transverse momentum; i.e., p of 

the lepton pair is balanced by the recoiling quark (see Figure 2). On 

the other hand, for the TIN interactions the contribution of the 

"Annihilation" diagrams is much larger than than of the "Compton" 

graphs, requiring recoiling gluon to balance p T- Therefore the> measure­

ments of hadrons accompanying high mass lepton pairs produced at large 

p„ may provide an opportunity to study quark and gluon jets. 
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7. ANGULAR DISTRIBUTIONS 

The general form of the angular distribution for the decay of the 

virtual photon into lepton pair may be written 2 9 as: 

3 + P. . sin* 0" cos 2 <j> 

+ 2 Re p 1 Q sin 2 0 cos * I , O M 

where the density matrix elements p , depend on the choice of the 

reference frame and all the variables describing the virtual photon, 
2 i.e., M , x_> p„, s. Integration over either polar or azimuthal angle 

gives: 
* 2 * 

Hj(0) - l + a c o s 9 , (15) 

W 2 <*) ~ 1 + 6 cos H , (16) 

where both a and g may vary between -1 and +1. 

There are several ways of defining the axes in the rust frame of 

the lepton pair. The usual choice is the Gottfried-Jackson frame, 

where 0 is the angle between the. beam and one oi the leptons. This 

reference frame is well suited for testing of th<? Drull-Ynn process 

when the direction of the quarks coincides with tho direction of the 

beam. The primordial transversa momentum of the quarks may, however, 

introduce additional sme;ir inj; effect;; to thi; angular distributions, as 

the direction of the beam and of the annihilating quarks will no longer 

overlap. To deal with this problem ollins and Sopor ^ II.IVJ proposed 

a reference frame in which the /. axis bisects the angln between the- beam 

and reverse target momentum directions in the lopton ri:sL system. Such 

axis should minimize the smearing effects if the primordial transverse 



momentum distributions of the beam and tat gut quarks are similar. 

Experimentally, Lh« Ollins-Soper frame Is found to be very close to 

the Gottfrieri-J.ickson reference system. Tn the ir~N interactions at 

225 GeV/c the average angular difference between the two 2 axes was 

estimated 3 I to be about 14 . 

The data of the Chicago-Illinois-Princeton Collaboration 3 1 are 

shown in Figure 22. The angular distribution, integrated over the polar 

angle <J», is considerably different In the region of the Drell-Yan 

continuum than for the J/¥ resonance. The data are plotted as function 

of the x. of the annihilating valence quark of the pion. In each of the 

intervals the form (15) is a good representation of the data, but the 

parameter o shows strong x. and p_ dependence (see Figure 23). The 

deviations of a from the value of 0= I indicate existence of the 

longitudinal polarization of the virtual photon. 

Two possible origins of the deviations from purely transverse 

polarization of the virtual photon has been discussed recently in the 

QCD framework. 

1. First order in a "Compton" subprocesses, in which quark 

Interacts with spin 1 gluon, were shown 2 1' 3 2 to lead to sin 0 behavior. 

Tn this case a non-Lrivial azimuthal dependence is also expected, and the 

parameter S in formula (16) is related 2 1 to a through 

6 = 2(3+cO 

Tho solid curve in Figure 23a representing the; prediction of Ref. 21 is 

in good agreement with the data. 

2. Another approach was taken by Uerger and Brodyky 3 3 who 

introduce-r! the correlations ^etween the valenre quarks in :hc pion 
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calculating the "higher twist" terms of Figure 24. The resulting decay 
2 angular distribution is predicted to vary strongly with Q and x^ of the 

virtual photon: 

<ki 2 * 2 Bin'' 0 + -r g 2 HJ.II w -r ^ 
4 
-*• (1-x) sin 20 cos* (17) 

approach -1 as x approaches 1. The prediction is compared with the 

data in Figure 23b. It is important to note that the "higher twist" 

approach predicts 8=> 0. Therefore, the study of the experimental if * 
distributions and their correlations with the polar angle 0 behavior 

as function of M, x and p_, may provide the opportunity to estimate 

the relative size of both first order and higher order contributions. 

8. STRUCTURE FUNCTIONS AND QUARK DISTRIBUTIONS 

8.1 Parton Model: 

In the parton model the scaling function F ( T ) depends on the x 

distributions of the individual quarks. In the case of e.g., pN 

collisions and neglecting heavy quark contributions, there are six 

unknown functions. These are u(x), d(x), s'x) , u(x), d(x) and s(x). 

The antiquaries corae only from the sea while the u and d quarks have both 

sea and valence components. Taking into account the isospin invariance, 

the deep inelastic le^'^n scattering measurements provide3'* six equations: 

t u(x) + u(x) U | x d(x) + d(x) +|- x s(x) + i(x) 

http://hj.ii


\PWJ P(X) = 2 

d(x) + u(x) 

r - i ( I 8 ) 

u(x) + d(x) 

|u(x) - d(x)j 

v W ^ U ) = 2 x d(x) - u(x) 

Therefore, it is possible in principle to extract the individual 

distributions and fully describe the Drell-Yan process. The same 

arguments may be applied to the QCD type of .inalysis as describe.1, in 

Section 2.5. In practice, however, there is not sufficient overlap 

of the available data on deep inelastic lepton scattering (DIS) in the 
2 klnematical region of x and Q covered by the measurements of the 

lepton pairs spectra. 

8.2 Quark Structure Functions: 

The procedure most commonly applied 8 » 1 1 _ ' 3* 3 S n the QCD 

phenomenology consisL of :.1IP following steps: 

1. Use the DTS data to extract the partem distributions 
2 

at low Q and in the limited x range- where; the meaKur«merit'.s do overlap 

sufficiently. 

2. Assume the buhaviour of tlicse distribution;-, in cho x 

region not covered by e;.per ununts. 

3. Extrapolate ihpse distributions tn 1;irge values of 
2 Q using the QCD evolution equali>m. 



As an example, one may qn~te the- results of the analysis of 

Feynman, Field and Fox, 2 3 2'» who used the quark structure functions 

given in Table I, with smooth transition bctweer. small x and large 

x regime. 

TABLE I 

Valence Quarks 
large x small x Sea Quarks 

xu(x) (1- x ) 3 /£ (l-x) ? U - x ) 1 0 

xd(x) (1-x)* /x O - x ) 2 ( l - , ) 7 

xs(x) - (1-x) 8 

The resulting fit to the u y mass spectrum, shown in Figure 25, 

falls about a factor of two too low, but the data can be fitted well 

after the adjustment of poorly known sea distributions. 

A more direct approach has been taker, by the Colurabia-Fermilab-

Stony Brook group, which used experimental measurements of deep 

inelastic electron and muon scattering to extract the sea quark 

structure functions. Assuming the S U O ) symmetry, i.e., xu(x)=xd(x)^ 

xs(x) = xS(x), the formula O ) may be expressed by: 

dMdy 
8na x S(x> 

y = 0 
x S(x) (19) 

Solving Equation (19) the CFS group has found S(x)= (0.54 ± 0.02) 

( l - x ) 8 ' 5 ± ° - 1 . The CFS group has also tried to relax the. SU(3) 

requirements usiny the fullowing paramet riz.ition of tlie quark 
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distributions for al1 Q values: 

d(x) - A(l-x) ° 

500 - A ( l - x ) ° + ° 

i(x) - (G + d)/4 

The results of the fits to the final sample of the data 3 6 are 

given in Table II. 

TABLE II 

Free Fit " W = d(x) 

A .6: t .01 .56 t .01 

n 8.0 ± 0.4 9.0 ± 0.1 

a 3.i ± o.; 0 

X 2/DF 209/154 291/155 

The individual d<- a points for the sea distribution are compared 

in Figura 26a with th> <± obtained in neutrino interactions by the CERN-

Dortmund-Heidelbcrg-Sui lay group. The most striking feature of the 

graph is Che differenc , both in shape and in absolute normalization, 

of the two SI*LS of da It should be noted, however, that the CDHS 
i 

data arc- measured in i ;her small Q~ range with the average value being 
2 2 3 ~ 15 GeV . On the o ier hand, the CF'S data span r?ther large range 

2 

of Q and the scale brjking effects may, therefore, introduce substan­

tial distortion of the shape of the distribution. 
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As /in example of the size of this effect, the evolution equations 

as implemented by Abbott and Barnett 3 7 were used to estimate the values 
2 2 of the CFS points corresponding to Q =15 CcV . The resulta appeared 

to be insensitive to the choice of parameterization of the sea distribu­

tion; both (1 - x) * and (1 - x) dependence resulted in the same 

(within the errors) changes. The new pointn shown in Figure 26b have 

the same x dependence as the CDHS data. 

The difference of the normalization of the two sea distributions 

obtained from the neutrino interactions and from the muon pair produc­

tion, remains so far an unresolved problem. A possible explanation has 

been proposed by Altarelli, Ellis and Martinelli, 3 8 who have calculated 

in the QCD framework the 0(a ) radiative corrections to the Drell-Yan 

process. These corrections should be applied when using parton distri­

butions derived from deep inelastic lepton scattering data. The correc­

tions were found to be approximately represented by a scale factor K to 

the cross sections estimated using prescription given in Section 2.5. 

In the energy and mass range of existing data, this scale factor K 

varies slowly between 1.8 and 2. It is at present not clear, whether 

the radiative corrections will fully explain the normalization discrep­

ancies of the sea distributions. The calculations of Reference 38 were 

performed for the differential cross section distribution of the lepton 

pairs and are not directly applicable to the comparison of the sea 

quark distributions in Figure 26. The size of the 0(a) correction 

poses, however, the question of the relative size and sign of higher 

order terms and their radiative corrections. The complete phonomenolog-

ical study of the problem has, as yet, not been performed. 
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8.3 Flon Stni iUirf FII;U:L ion: 

Thii measurement;; of Che l.'.ilon p;ii rn pi "dur c-d l.v i h*' phm l>f?.-ini 

allow for thf detcrminat Lon uf. he: pfnn s t ruc ture function. For a pion, 

i t follows from charge run iugiiti.in and innspjn Invar lame i.h;u the x 

d i s t r i b u t i o n is the sami- for both valence quarks. Fun heriiiore, in the 

kliiematical region covered by the; ex is t ing experimental da ta , it is 

usually assumed that the contr ibut ion to the Drell-Yan process from the 

plDn sea i s n e g l i g i b l e . In SMCH case, the general form given by 

Equation (1) reduces t o : 

d 2 o Site.2 1 - 7 i , x j~4 N, * 1 - N , - 1 ,__. 
5 S 5 « F = ^ (v"*!)" x ' u M L * * 2 u ( x^ rt ^ w J ' 

The differential cross section distribution, cxpressc! in terms of the 

fract ional tnorwnt.i x. and x ? factorizes into tin: product of two terms 

representing the pion and part of the nucleoli structure functions: 

*•.« ,"(„,) - x, ='(,,) ,,„,, , N(. 2) - J- ,, U
N ( * 2 ) + J x 2 d N

( x 2 ) . 
More genet ally, without ncglcrcir.p the pion s<>;i, tin- Fqu.it ion (2 0 may 

be written as: 

M 2 d 2 o _ /.Tia 2 r r T . . J4 ,.r , N . 1 , . 
H dxTnc - -ci- [ f ( ^ x2 ' - ( x i ) !' ( s z)J * ( 2 , ) 

when.-- s'Vx ) is the pion sea quark d i:,t • ibut on function. 

The pion structure function f"fx) W.IK obi.iiiu'i! '''I'-'I^ from the 

measured muon pair daLa using the above sot of equations with the nu-

cleon structure function parametrized following the Bums and Cnemers 
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nn.- i lyi lH (.1 n e u t r i n o r e s u l t ' : . Tin* Cl i ic iRO-11 I , ;,.• I.; [', i n c i ' t o n g r o u p 

d e s c r i b e d t i n - d a t a b y 

f^Cx) =• 1 . 90 i . 0 6 ) 4* (1 - x ) ' ' ; 7 ' - 0 f ' 

The $ac]ny-Imp< r i a l Col l e g e - So i i c l i amplon- In ' ' uvi Col 1 aim r a t Ion u s e d : 

f n ( x ) - ( 7 . 4 3 . * . 3 0 ) x ( l - x ) 1 , W 1 * 1 8 

w h i l e t h e CKRN-NA3 g r o u p o b t a i n e d good f i L w i t l 

f w ( x ) - f . 5 5 x ) - / , 0 ± - 0 5 (1 - x ) " 3 ( ) i - 0 6 

and 

s ' O O = ( . 0 9 ± . 0 6 ) ( 1 - x ) * ' * 1 l 9 

The three results are in a disagreement with each uther ns to the 

absolute norma I ization of the results. Af tui the arbi t rnry normal ii..--

tlon of the three f^f.*), as shown in Figure 27, L!ie (lata ints 

measured by these experiments rnalt*sce, indicating that the shape of 

the pi on st nurture funct Urn Is much flatter than thai of Che proLon. 

There remains, however, a discrepancy in the resul ting nucleon struct u 

function. I'art of t'lis discrepancy may be rel.ti.-d tti the dltFe.'-nt 

nuclear target dependence \)?-vd by v,ir ious nmn, '•.,.<• Sect i tm 3.1) and 

resulting different absolute cron<. r-ert i wis f,,r . i„. ,- induced 

Drell-Yan prm-css. It is also pc*-. i b 1 % tt.it t!.. 'v o rrettions 

suggested in Reference 3d for the proton prodm , ' i '.I^ h.. ' • non-

negj igible contribution in e case of KN IMI.'M lion. More detailed 

study of t ho nut lear target do penile nee is cxpi'L i .-d to re so! ve this 

uncertainty. 
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27. Plon structure function. 



T.t should bo a 1st remembered th.it the r.orrecf. procedure for 

comparing the structure functions measured ,n different experiments 

should Include the effects of scale breaking. This is illustrated in 

Figure 28 where the pion structure function obtained .n the low energy 

experiment "*" li compared with the 225 GeV/c CIP measurements. The 

results seem to be quite different. The fit to the 22 GeV/c data 

f 1(x)-.69 ( 1 - x ) ' 6 7 

was then used as input to the evolution equations. The resulting 

curve, also shown in Figure 28, gives a good description of the pion 

structure function at 225 GeV/c. 

9 OUTLOOK 

The topic of massive lepton pair production plays at present a 

dual role. On one hand it is one of the most sensitive testing groundn 

of the QCD phenomenology allowing for the detailed comparison of the 

theoretical calculations with experimental data. On the other hand, 

in the framework of the parton model or QCD, it makes possible a study 

of the structure functions of unstable hadrons like pions, kaons or 

antlprotons. New experiments performed at CERN and Fennilab will 

provide accurate results allowing better determination of pion 

structure function. The question of higher order QCU corrections to 

the Drcli-Yan process will be well studied in the p induced muon 

production. One may expect the coming year to be an exciting one. 
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