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1. INTRODUCTION 

The study of high mass lepton pair production originated as a 

by-product of the search for new particles. In 1969, the Columbia-BNL 

group searching for the intermediate vector boson observed1 the pro- 

duction of direct u+u- pairs with masses of up to about 5 GeV which could 

not have been explained by experimental background. An explanation of 

the production process was proposed in 1970 by Drell and Yan* in terms 

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

ful, and it is now customary 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 Chromodynamics (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 modifications 

expected from QCD description of the process. 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. 3p4 

2. THE DRELL-YAN MEXHANISM 

2.1 Definitions and Variables: 

The model proposed by Drell and Yan* to describe massive lepton 

pair production is depicted in Figure 1. In this model a quark from one 
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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 described by: 

’ = /dxldx’ ~ [69i,A(x’)G4i,B~2)+ Gqi,A(X1)Gqi,B(X2jI 
flavors 

X ‘i (qi4i +Y*) 6(M2 - (ka+k,)2)dM2 , (1) 

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 

center of mass energy squared s and the fractional momenta 

quarks by: 

the overall 

of the 

M2 = (ka + %)2 = sx1x2 

YF = 2 pL /L = x1-x2 

It is often convenient to introduce the scaling variable T, T= M2/s = 

x1x2 representing the fraction of the total c.m. energy used in the 

formation of the virtual photon. 

expressed in terms of the lepton 

of relations: 

The quark variables may then be 

pair quantities by the following set 

x+x = J 2 
12 XF + 4T 
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'J&i k XF 
x1,2 = 2 

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 PA with mass M, the annihilating quark k,, and the recoil system 

la with mass m are then defined as follows: 

PA = M2 3 
P+G, 

M2 
I' P-4p , 

ka = 

+2 
Fc +k2 

4xpa ' $9 XP- 
+G+k2 

4xpa 

( 
+2 
% + m2 +2 

la = (l-X)P + % 2 
4(1-X)P ' -i&, Cl-X)P- 4(l:x;p 

) 

They fulfill the energy-momentum conservation requirement: 

ka = PA - la 

M2 _ ‘l + 1” - !i ) . 

X 

Calculations using the light cone variables are 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., the large transverse momentum region) where the use of the 

off-mass-shell kinematics significantly affects the results.5 

2.3 Subprocess Cross Section: 

The cross section for the subprocess of the quark-antiquark 

annihilation may be written in analogy to the electron-positron 

annihilation6 

Ui qi;ii+y* 
( > 

4*a2 2 1_ . = - e . 
3M2 ln 

where a is the electromagnetic coupling constant, ei represents the 

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

the same for all the qq annihilation terms, the magnitude of the lepton 

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

2.4 Differential Cross Sections: 

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

to three are usually written as: 

da= 4ra2 

dM2 
- F(T) 
9M4 

or 

d20 = 4aa2 
- Fe, 5) 

dM2dxF 9M4 
l 

(2) 

(3) 

Here the scaling functions F(T) and F P 
( ' xF> 

are formed entirely from 

the dimensionless variables. 

F(T) = 7 ezT/dxldx2 [Gqi/A(x1)Gqi/B(x2) + (qi"~i)] '('-x1X2) 

F(.~,xF) = q /LI(~~)~ZJ /B (x2> + (qi~~i) 1 6 (T - x1x2) 
i i 

X b(xF- (xl-- x2)) . 
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In the case of proton-proton collisions, one can write the function 

F(r) explicitly, neglecting charmed and heavier quarks: 

F(T) = 'I 
/ 

dxldx2 Nr-x1x2) 
I[ 

$ UA(X1>UB(X2) + UA(X1hB(X2) 1 
+ $[aA(xl)aB(x2)+;1A(x1)dB(x2)] + $[sA(x1)sB(x2) +'A(xl)sD(x2)]} 3 (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 introduces modifications to the parton 

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

diagrams in the strong coupling constant as , 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 as. These are usually neglected in the phenomeno- 

logical calculations. The first order diagrams correspond to the 

"Compton" 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: 

; = 
x1x2s 

; = xlt + (l- x1)M2 

2 = x2u f (1-x2)M2 
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Here again transverse momentum of the quarks aud the masses involved 

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

tions can be calculated in the field theory 7s8 and expressed in terms 

of the subprocess variables: 

d20 (Annihilation) = 8 2 2 2M2S + c2 + t2 

dM2d? 27 a "sei ,s2 z ; 

d2c (Compton) = -a2a 1 

dM2d: 
9 

e2 2M2c + i%* + f2 
si A.3 -s G 

(5) 

(6) 

Both formulae (5) and (6) are divergent for the small values of t or ; 

and therefore are difficult to use in phenomenological applications. 

Politzerg and SachrajdalO have proposed a perturbative approach which 

includes the first order diagrams in the leading log QL approximation. 

Here Q2 represents the big, scale breaking dimensional quantity and is 

usually identified with M2 for the Drell-Yan process. 
* 

For the qq anni- 

hilations, Politzer found that the divergent parts of the contributions 

due to the soft gluon emission have a factorizable 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 QL dependent, but they are again the same as in deep inelastic 

lepton scattering. As the result the parton model description of the 

Drell-Yan process is recovered but with additional scale violating com- 

ponent (Figure 3). 

* For the details of the perturbative approach to QCD, see S. J. Brodsky's 
lectures at this school. 
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3. Illustration of the diagrams contributing to the renormalization 

group improved quark and antiquark distributions. 
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2 = gM4 4na2 F(T, Q') (71 

There are several steps in this approach for which the theoretical 

understanding is not yet complete. 

1. Diagrams of higher order in Q, contributing to the process 

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

some second 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 contributions to the cross section thus modifying 

the results. 

3. The identification of the scale breaking variable Q2 with 

M2 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 (Q2< 0) h'l w i e in the Drell-Yan process it is time-like 

(Q2 ' 0) , 
2 the identification QDIs = Q,, 

I I 
2 is needed in the factorization 

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

both processes, 

Despite those theoretical caveats, the procedure is remarkably 

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

of the general features of the current experimental data. 

There were recently published several papers applying the QCD 

phenomenology to the Drell-Yan process.4p8-13 In general they follow the 
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prescription given above and differ only in the procedures for extract- 

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

(4) l 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 8. 

3. PARTICLE TYPE DEPENDENCE 

3.1 Target Dependence: 

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

that of the hydrogen, the nuclear targets 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 good annroxima- 

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

d = ooAa . (8) 

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

shadowing effects to exist, the value of az22/3 is both observed exper- 

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

scattering processes involving partons, one does not expect any shadow- 

ing to occur. The incoming set of partons should see the target 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 u+u- pairs 

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

of a is close to a= 2/3. It rises with increasing mass and attains 

plateau consistent with a= 1 for M> 3 GeV. Similar behaviour can be 
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4. The atomic mass number dependence A" for dimuons produced by protons. 
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seen in Figure 5a for the pion induced reactions. The points measured by 

the Chicago-Illinois-Princeton group14 have sufficiently large errors 

to be consistent with the recent result of the CEBN NA3 experiment,15 

giving a value of a= 1.02 + .02 for u+u- 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 -70% in the absolute cross section 

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

As can be seen in Figures 5b and 40 the parameter a has no a-, 

obvious pT or xF dependence for the high u+u- 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= 1, 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 the quark content of the beam. Figure 6 shows the 

ratio R + 
1 of muon pair production in 71 N and r-N interactions as a 

function of mass of the u+u- pair. 
14915 

In the region where the sea of 

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

to high mass), the value of R1 should approach the ratio of the charges 

squared of the annihilating antiquarks. 

U(IT+N -+ p+d) 
R1 = 

a(n-N + p+p-x) 
U 

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

The value of R1, expected from the contribution of the sea to be equal 

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

l/4 at large x. The energy dependence of the decrease reflects 

variation of the range of x contributing to fixed values of u+n-. 

More dramatic effects are expected for the ratio of pion and proton 

interactions producing lepton pairs. In pN collisions the annihilating 

sea antiquark is confined to small values of x. Therefore the cross 

section is expected to decrease sharply with increasing mass. On the 

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

a larger x (or 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 GeV reflecting the difference of the antiquark x distributions. 

-17- 
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4. MASS SPECTRA 

4.1 pN Interactions: 

The u+u- mass distribution shawn in Figure 8 represents one of the 

most impressive measurements of the high energy experiments of the last 

few years. The Columbia-Fermilab-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 parameterized3 by the formula 

d20 
S 

dfi dy 
= 44.4 e -26.66 ~b 

, 
y= 0 

(9) 

while the CHFMNP group18 at the ISR obtained the best fit to the data 

with 

M3 do - = 5.23 (l- &>1° 
dMdx x 1O-33 (cm2GeV2) . (10) 

G 

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 group17 , are presented. The agreement with scaling, to within the 

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 collaboration were done at yz0 where, for the pp interactions, 

the x values of the annihilating quarks are approximately equal to 6 . 

Since the pattern of scale breaking of mass distributions follows that 

of the structure functions, one expects no scaling violations for 

fi = 0.2 and the decrease of F(T) with increasing energy for 6 > 0.2. 

The data in Figure 10 agree with such behavior. 

4.2 xN Interactions: 

Until recently the spectra of lepton pairs produced in rp colli- 

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

ation16 have estimated the relative contribution of the Drell-Yan 

mechanism to the observed r;fu- mass distributions produced in 16 and 22 

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

processes contribute over 50% of the measured spectrum below 3 GeV/c2 

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 Fermilab14 and CERN.15 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 

pion 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 

different target mass dependence used by the experimenters in order to 

extract the cross section on single nucleons. 

The data at 200 and 280 GeV/c were, however, measured in the same 

experiment, thus eliminating most of the relative normalization 

-24- 
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problems. Within their lS% errors they show good scaling over 

large T range except in the upsilon region. 

5. MOMENTUM SPECTRA OF LEPTON PAIRS 

5.1 Longitudinal Momentum Distributions: 

The difference of the shapes of the antiquark structure functions 

of pion and proton are also reflected in the longitudinal momentum 

distributions of the lepton pairs. In Figure 14 are presented the xF 

distributions measured by the Chicago-Illinois-Princeton collaboration.14 

The data are parametrized as 

da= 
E dxF A(l-xF)8 (11) 

with the parameter 8 fitted in the range 0.2 < "F s 1.0. 

There are two obvious observations to be made: 

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

for 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.15s16 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 xF= 0 in pN reactions17918 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 only 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 transverse momentum of the 

virtual photon is related to the transverse momentum of the annihilating 

quarks. In the parton 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. It 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 pt distribution of the dimuon is shownlg in 

Figure 15. The data deviate strongly from the exponential behavior 

both in terms of pT and of pi, and are well parametrized3,1g by the 

formula: 

-6 

(12) 

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

depend on energy. 

The changes of the shape of the pT distributions are probably best 

visible in plots of the average transverse momentum, <p,>, versus the 

mass of the lepton pair. The compilation of the available data for the 

proton beams is shown in Figure 16. The data points raise from about 

600 MeV/c at low u+u- mass to values exceeding 1.0 GeV/c at higher 

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

There is, however, quite strong energy dependence of the developed 

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

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

GeV/c l7 is compared with preliminary ISR results of the CERN-Harvard- 

Frascati-MIT-Naples-Pisa Collaboration.'* The linear <p,> dependence on 

-3o- 



100 

IO 

dN 

dP$ 

I 

9-79 

I I I 

7.0<M<8.25 GeV 

2 4 6 8 IO 

pP (GeV/c)* 
3622A76 

15. pz distribution of the muon pairs. 

-31- 



1.6 

1.2 

- 
0.8 

t- 
a 

0.4 

I I I I I I I I 

0 

+ # 

0 Q OO q 0 
* 

%* 

0 
0 O”9 fi 

- + 
Ic 

+ 

CFS X 300 GeV 
t 0 0 400 200 GeV GeV 

CP II q 225 GeV 

0 
0 4 

9 - 79 

8 I2 

MP+P- (GeV) 
I6 

3622A26 

16. Average transverse momentum as function of M 
u+lJ- 

for the pN 

interactions. 

-32- 

r--. _ -,‘- ._ _ 
I 



3 

2 

I 

0 

I I I 

CFS CHFMNP 

(PT)=0.6+ 0.022,/5 GeVt’c 
I I I I I I 

IO 20 30 40 50 60 

,/i (GeV) 3022Al0 

17. Energy dependence of the average transverse momentum. 

-33- 



The c.m. energy s: 

<PT> = 0.6 + 0.022 d-i- (13) 

is compatible4720 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 pairs at e.g., 6 = 800 GeV would be 

of the order of 18 GeV/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 

consitutents. 

6. QCD PHENOMENOLOGY OF LEPTON PAIR PRODUCTION 

Until recently most of the features of the lepton pair data, such as 

beam dependence, scaling, longitudinal momentum distribution, etc., were 

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 4'7F12720r21 to calculate the first order 

diagrams predictions for the Drell-Yan process. The calculations 

required as input the individual quark structure functions, which had to 

be extracted from the deep inelastic lepton scattering data. Although 

the nucleon structure function vW2 is quite well measured, its decomposi- 

tion into the quark distributions is, so far, rather poorly known. 

Nevertheless, the agreement of such calculations with the measured mass 
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spectra and the longitudinal distributions seems to be quite satisfactory,** 

thus reproducing the success of the parton 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 es 

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

contribution to the total pT 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 pT= 1 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 proposed8*12724 

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

quark confinement in the original hadron is, for some unspecified 

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

the incoherent sum of the primordial component and the contribution of 

the perturbative QCD. The confinement transverse momentum is in such 

approach, usually parametrized as Gaussian, with the average kT varying 

from 0.6 to 1.5 GeV/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 

approach25'26 is used to account for the neglected higher order in 
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as terms. This approach stresses the quasi-bound structure of the ic- 

coming hadrons by emphasizing the meson-quark or diquark-quark subpro- 

cess contributing to the reaction. The model introduces effective 

coupling of mesons to quarks and unknown distributions of mesons inside 

the hadrons, 27 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, Dyakonov and Troyan2* who have calculated the 

QCD terms to all orders in a s in the leading log Q2 approximation. They 

have obtained a solution in the kinematical region of p: >> M2, though 

the identification of the scale breaking variable Q2 in the region of 

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

no experimental data available for pT >> M. 

Independently of the various schemes described above, it is clear 

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

,very large pT will provide a sensitive test 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 in the pN reactions the 

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

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

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

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

graphs, requiring recoiling gluon to balance pT. Therefore the measure- 

ments of hadrons accompanying high mass lepton pairs produced at large 

pT 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 written2g as: 

p11(1+~0s2 @*j + (l- 2oll)sin2 O* + ol-1 sin2 @*cos 2 4 

* 
+2ReplCsin2@ COSQ 1 , (14) 

where the density matrix elements P.. 
=J 

depend on the choice of the 

reference frame and all the variables describing the virtual photon, 

* i.e., M2, 5, PT' s* Integration over either polar or azimuthal angle 

gives : 

w1 co*) 2 * 
-1faCOS 0 , (15) 

w2 (4) - 1 + B cos 2$ , (16) 

where both a and B may vary between -1 and +l. 

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

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

where Of is the angle between the beam and one of the leptons. This 

reference frame is well suited for testing of the Drell-Yan process 

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

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

introduce additional smearing effects to the angular distributions, as 

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

overlap. To deal with this problem Collins and Soper30 have proposed 

a reference frame in which the z axis bisects the angle between the beam 

and reverse target momentum directions in the lepton rest system. Such 

axis should minimize the smearing effects if the primordial transverse 
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momentum distributions of the beam and target quarks are similar. 

Experimentally, the Collins-Soper frame is found to be very close to 

the Gottfried-Jackson reference system. In the sr-N interactions at 

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

estimated 31 to be about 14'. 

The data of the Chicago-Illinois--Princeton Collaboration31 are 

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

angle 9, is considerably different in the region of the Drell-Yan 

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

of the x1 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 a shows strong xl and pT dependence (see Figure 23). The 

deviations of a from the value of cc=1 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 as "Compton" subprocesses, in which quark 

interacts with spin 1 gluon, were shown21s32 to lead to sin20* behavior. 

In this case a non-trivial azimuthal dependence is also expected, and the 

parameter B in formula (16) is related21 to a through 

B 1 
= 2(3$ 

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

in good agreement with the data. 

2. Another approach was taken by Berger and Brodsky33 who 

introduced the correlations between the valence quarks in the pion 
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calculating the "higher twist" terms of Figure 24. The resulting decay 

angular distribution is predicted to vary strongly with Q2 and "F of the 

virtual photon: 

<kjg> 2 

da- (l-~)~ (l+cos* O*)+$ - kT 
Q2 

sin*@*+ 2 

r 

- (1-x)sin 20* cos41 3 Q2 (17) 

For fixed values of Q2 the parameter a of Eq. (15) is expected to 

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 B-0. Therefore, the study of the experimental $I 

distributions and their correlations with the polar angle @* behavior 

as function of M, x and pT, 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 

sea 

the 

antiquarks come only from the sea while the u and d quarks have both 

and valence components. Taking into account the isospin invariance, 

deep inelastic lepton scattering measurements provide34 six equations: 

x[ -I'[ -I'[ -1 u(x)+u(x) +9x d(x)+d(x) +9 x s(x)+s(x) 

x [d(x)+;(x)]++ x[u(x)+;(x)]+$x [s(x)+;(x)] 
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vWTP(x) = 2 x [d(x) + ;,xl] 

“WjP(X) = 2 x [dx, + Zx)] 
(18) 

“WiP(X) = 2 x [ii(x) - d(x;l 

YWiP (x) = 2 x[do - dx;l 

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 analysis as described in 

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

of the available data on deep inelastic lepton scattering (DIS) in the 

kinematical region of x and Q* covered by the measurements of the. 

lepton pairs spectra. 

8.2 Quark Structure Functions: 

The procedure most commonly applied8s11-13p35 in the QCD 

phenomenology consist of the following steps: 

1. Use the DIS data to extract the parton distributions 

at low Q2 and in the limited x range where the measurements do overlap 

sufficiently. 

2. Assume the behaviour of these distributions in the x 

region not covered by experiments. 

3. Extrapolate these distributions to large values of 

Q2 using the QCD evolution equation. 
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As an example, one may quote the results of the analysis of 

Feynman, Field and Fox, 23~2~ who used the quark structure functions 

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

x regime. 

TABLE I 

Valence Quarks 

large x small x Sea Quarks 

xu bd (1-x)3 J;; (l-x)* (1-x)1° 

xd W (l-x)4 J;; (l-x)* (l-x)7 

xs (x> -- a- (l-x)8 

The resulting fit to the u+u- 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.4 

A more direct approach has been taken by the Columbia-Fermilab- 

Stony Brook group, which used experimental measurements of deep 

inelastic electron and muon scattering to extract the sea quark 

structure functions. Assuming the SU(3) symmetry, i.e., x;(x)=xd(x)= 

x&x) = xS(x) , the formula (3) may be expressed by: 

d20PN = 8rra2 
dMdy -x S(x) 

y= 0 9M3 
<P(x) + "T(X) -f x S(x) 1 . (19) 

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

8.5* 0.1 (l-x) . The CFS group has also tried to relax the SU(3) 

requirements using the following parametrization of the quark 
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distributions for all Q2 values: 

d(x) = A(l-x)" 

a4 = A(l-x)"+' 

S(x) = (ii + d)/4 

The results of the fits to the final sample of the data 36 are 

given in Table II. 

A 

n 

a 

3 
XL/DF 

TABLE II 

Free Fit 

.62 + .Ol 

8.0 + 0.4 

3.1 * 0.4 

209/154 

ax) = Z(x) 

.56 2 .Ol 

9.0 Lt 0.1 

0 

2911155 

4 
The individual data points for the sea distribution are compared 

in Figure 26a with those obtained in neutrino interactions by the CERN- 

Dortmund-Heidelberg-Saclay group. The most striking feature of the 

graph is the difference, both in shape and in absolute normalization, 

, of the two sets of data. It should be noted, however, that the CDHS 

data are measured in rather small Q2 range with the average value being 

Q2 -15 GeV2. On the other hand, the CFS data span rather large range 

of Q* and the scale breaking effects may, therefore, introduce substan- 

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

as implemented by Abbott and Barnett37 were used to estimate the values 

of the CFS points corresponding to Q2= 15 GeV2. The results appeared 

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

tion; both (l-x)605 and (1-x)' dependence resulted in the same 

(within the errors) changes. The new points 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, 38 who have calculated 

in the QCD framework the O(as) 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 O(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 Pion Structure Function: 

The measurements of the lepton pairs produced by the pion beam 

allow for the determination of the pion structure function. For a pion, 

it follows from charge conjugation and isospin invariance that the x 

distribution is the same for both valence quarks. Furthermore, in the 

kinematical region covered by the existing experimental data, it is 

usually assumed that the contribution to the Drell-Yan process from the 

pion sea is negligible. In such case, the general form given by 

Equation (1) reduces to: 

2 da 8sa -=- 
dMdxF ,,22 (i&-j-- x1C"(xl)[$x2 uN(x2)+6x2 ZNCx2)] l 

(20) 

The differential cross section distributionexpressed in terms of the 

fractional momenta x1 and x2 factorizes into the product of two terms 

representing the pion and part of the nucleon structure functions: 

M2 d*a 
dxldx2 

= $ f"(xl) gN(x2) , (21) 

where f IT 
( > x1 = x 1 7 

( 1 x1 and gN x2 = -X u x2 + 
( > 

4 N 1 
9 2 ( > 

9 x2 dN x2 . 
( > 

More generally, without neglecting the pion sea, the Equation (21) may 

be written as: 

M* d$;g2 = $ fn(xl) gN x2 + Sn(xl) hN(x2)] , (22) 

where ST x 
( 1 1 is the pion sea quark distribution function. 

The pion structure function fK(x) was obtained14'15,16 from the 

measured muon pair data using the above set of equations with the nu- 

cleon structure function parametrized following the Buras and Gaemers33 
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analysis of neutrino results. The Chicago-Illinois-Princeton group 

described the data by 

f= (x) = (.90 2 .06) JF; (1-x)1.27' l O6 , 

The Saclay-Imperial College-Southampton-Indiana Collaboration used: 

f” (xl = (2.43k .30) ~(1-x)~~~~~ l l8 , 

while the CERN-NA3 group obtained good fit with 

fT w = (.55 x).4O+ .06 (l-x).3O+ .06 

and 

s” (xl = (.09+ .06)(1-~)~'~+ leg . 

The three results are in a disagreement with each other as to the 

absolute normalization of the results. After the arbitrary normaliza- 

tion of the three fn(x), as shown in Figure 27, the data points 

measured by these experiments coalesce, indicating that the shape of 

the pion structure function is much flatter than that of the proton. 

There remains, however, a discrepancy in the resulting nucleon structure 

function. Part of this discrepancy may be related to the different 

nuclear target dependence used by various groups (see Section 3.1) and 

resulting different absolute cross sections for the pion induced 

Drell-Yan process. It is also possible that the radiative corrections 

suggested in Reference 38 for the proton produced dimuons have non- 

negligible contribution in the case of RN interaction. More detailed 

study of the nuclear target dependence is expected to resolve this 

uncertainty. 
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It should be also remembered that the correct procedure for 

comparing the structure functions measured in different experiments 

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

Figure 28 where the pion structure function obtained in the low energy 

experiment40 is compared with the 225 GeV/c CIP measurements. The 

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

fT(x) = .69 Cl- x) l 47 

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 grounds 

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 

antiprotons. New experiments performed at CEKN and Fermilab will 

provide accurate results allowing better determination of pion 

structure function. The question of higher order QCD corrections to 

the Drell-Yan process will be well studied in the b induced muon 

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