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1. INTRODUCTION 

In this talk I shall briefly summarize our present understanding of leg 

ton pair production in hadronic collisions. shall limit my discussion to 

continuum production (i.e. for lack of time I shall not consider "f' and f 
production) and the main emphasis will be on recent progress with respect to 

the situation as it looked last year and was neatly reviewed by Lederman l) 

at the Tokyo Conference. 

Consider the inclusive production of a lepton-antilepton pair of total 

invariant mass Q in the collision of two hadrons H
1 

and H
2 

with total inva­

riant mass '{S. As usual one defines: 

(l ) 

The Drell-Yan 2) mechanism is the basis of our theoretical understanding of 
7 

these processes in the deep inelastic region i.e. for Q---700 with 'l:' fi-

xed. In this picture the lepton pair is produced via the pointlike, one pho­

ton, annihilation of a quark (antiquark) from H
1 

and an antiquark (quark) 

from ll
2

. At the naive parton model level this corresponds to the simple 

Drell-Yan Z) formula: 

(2) 

where the index runs over flavors, 
H q. (x) are the densities for a quark q. 
1 1 

with charge ei in the hadron H, x is the fraction of 1ongi tudina1 momentum 

carried by the quark, and a factor of ~13 arises from color. The cross sec 

tion at fixed XF=2PL/f.S , where PL is the total longitudinal momentum of 

the pair in the overall center of mass, is given by a simpler formula that 

reads: 

(3) 

(4) 

Leaving for the moment aside all corrections that perturbative QCD im-
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poses on eqs. (2,3) we stress that the validity of the Drell-Yan mechanism 

implies a number of striking signatures that all seem to be well supported 

by the available experimental evidence. We recall here the main tests of the 

Drell-Yan mechanism. 

a) Intensi!l'._!_~es. \\'e know from deep inelastic scattering that in the 

nucleon valence quarks are dominant over sea quarks especially at large x. 

We have no reasons to doubt that this ought to be true for hadrons other 

than the nucleon. Thus the Drell-Yan formula predicts much larger cross SC£ 

tions for processes where the lepton pair can be produced by valence-valence 

annihilation (J,+ N, K-N, PN) than processes where only valence-sea annihi­

lations are possible (PN,K+N). This should be more and more true the larger 

is 1' , because the bulk of the production arises at small XF and at XF=O 

we have X
1 2

=lJiias follows from eq. (4). Thus for large enough 1' where the 
' sea can be neglected we also expect for example (on isoscalar targets) 

,,.-( TI',+N(I=O))/g(1(-N(I=O)) '!: 1/4. New data on 1\ +, K+ and P cross sec-

. I l 1 d l l l I CI!) 11 b . 3 ) t1ons 1ave )een co lecte over t1e . ast year )y t1e co a oration · at 

FNAL and, at CERN, by the NA3 
4 l and the Goliath S) groups. Also new results 

obtained at CERN-ISR by the CCOR 
6

) and the R209
7

) collaborations were re­

ported. Most of these new data have been presented at this conference for 

the first time and added new evidence to the above mentioned intensity ru-

les. All of them appear to be quite well supported by the data. 

b) 0~ar distribution of the leptons. On general grounds the angular 

distribution of the lepton in their center of mass for production through 

one photon exchange must be of the form: 

The Drell-Yan mechanism predicts the longitudinal con~onent 

( 5) 

W to be absent 
L 

because the quark spin is 1/2. For non vanishing transverse momentum of the 

pair there is some ambiguity in the choice of the reference axis that defi­

nes e. Apart from detailed QCD effects 8 )~l) this ambiguity can only be im­

portant at finite energies. In fact within the present error bars it makes 

no difference whether for example the Gottfried-Jackson (G.J.J or the 

Collins-Soper lO) (C.S.) definitions for the angle are adopted. The availa­

ble data are in fair agreement with the expected angular distribution. New 

data have been presented. The results can he summarized by giving the measu­

red value of A obtained by fitting the observed angular distribution with 
,, ? ,,,..___ 

a form l+Acos-t;I. In 'ltN coll1s1ons the reported vailw:-. d1c: (11iun <-i<(ct 
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gies ..... 200GeV, 3.5 <. Q<<fGeV) 

CIP 3) ,>.. 1. 30 + 0. 23 (C.S.) 

NA 3 4) 
~ 0. 80 + 0 .16 (G.J.) (6) 

0.85 + 0.17 (C.S.) 

In PP collisions a value for A was obtained at ISR by the R209 5) colla­

boration: 

A. =l.6+0.7 ( c. s.) 

c) Atomic number dependS'..nc~. Since the cross section is proportional to 

the number of quarks or antiquarks in the target one expects a linear A de­

pendence in the Drell-Yan domain of validity. This is well supported by the 

data on PN collisions and to a lesser extent also for n N collisions. Pre-
·OC. 

ciseJy by introducing a parameter q. defined from 0-::.: A one obtains (ab~ 

ve the 't' region): 

CFS 
11) « 1.02 + 0.018 + 0.059 (P N 

CIP 
3) « 1. 12 + 0.05 (')'; N (8) 

NJ\3 
4) 

~ 1. 02 + 0.03 (~N 

It is in~ortant in the following to keep in mind that taking A
1

"
12 

as op­

posed to A1 makes a difference of about a factor of 2 when the cross sec­

tion per nucleon is derived from data on a tungsten target, as is the case 

for the CIP experiment. 

can only be a 

function of T in the naive parton limit. A rather good evidence in support 

of this approximate scaling Llw is obtained by comparing the FNAL data in 

the range .(S :;:20-!-27 GeV among themselves and with the ISR data at fS ~62GeV. 
Unfortunately there is only a limited overlap in the 'l' ranges at FNAL and 

ISR. Further evidence for the ap~noximate scaling law is obtained from the 

x-N data of CIP, NA3 and Goliath, provided of course the same A dependence 

is used. 

We can therefore conclude that the Drell-Yan mechanism seems to be a 

firm starting point for the analysis of lepton pair production. As for other 

processes we think the naive parton model to he only a rough approximation, 

to be implemented with scaling violations and other effects that are compu­

table if QCD is right. 
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2. THE PION STRUCTURE FUNCTION --------··---------
I make at this point a digression to discuss the recent important re­

sults on the pion structure function as measured in lepton pair production 

from -,...., beams. Three experimental groups have reported results on this. They 

are CIP 
3

) (FNAL) with about 2000 events analyzed from 225 GcV/c 1C- on tung 

sten, NJ\3 4 ) (CERN) with 8000 events on platinum from both 1t- and ·it+ at 

200 GeV/c, plus over 3000 ~-at 280 GcV/c, Goliath 
5

) (CERN) with 500 events 

from 1t- on berillium at 150 and 175 CcV/c. The measured values at diffcrcnt1' 

and XF arc analyzed in terms of eq.3 and the following quantity is determi-

ned for an array of different x
1 

and x
2 

values: 

(9) 

where v_f\(x) and s
17

(x) are the valence and the sea densities in the pion 

and QN(x) and HN(x) are combinations of valence and sea distributions in the 

nucleon. CIP and Goliath neglect S (x), while the-' sea is also determined 
. "' '" 

in the NA3 analysis that includes both ·n-and1f-tresults. The fitted forms 

for V (x) arc given by: 
1( 

NA 3 3 ) ( . X0.4+0.06 (l-x)0.90_+0.06 
xVl'I xJ::- · . 

CIP 4 ) :!(X' (J-x)l.27.:::_0.06 (10) 

- 5) 
Colla th .~ (1 )l.56+0.18 z V" -x -

The above shapes obtained by the three groups are in fair agreement (the 

smaller exponent of (1-x) obtained by NA3 is compensated by the smaller ex­

ponent of X). \\le shall discuss the important issue of normalization later 

in this talk. The sea distribution obtained by NJ\3 is given by 

xS (x) ~ (0.09+0.06) (l-x) 4 . 4.:::_i. 9 
~ -

( 11) 

which confirms the expectations that the sea in the pion is of the same or­

der as in the nucleon. The flatter x dependence of the 1't sea in comparison 

with the nucleon sea is also reasonable in view of the similar difference 

in the valence x distributions. 

On the theoretical side an interesting prediction for the behavior of 
1 2) 

the Tt! structure function near x=l was made by Berger and Brodsky . On 

the same lines as for the quark counting rules 
13

), they make a QCD model 

for the higher twist operators that we know must be important in the region 

ncGr x-1. In thi~ li;nit 2lmo5t ~11. of th~ lt rnnmPntnm is cr:Jrri~d hy one of 
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its constituent quarks (all non valence parton densities can be neglected 

near x=l). That requires a large momentum transfer between the two consti­

tuent legs. It is argued that this interaction is well approximated by a si~ 

gle hard gluon exchange. Neglecting all normal gluon radiative corrections 

that lead to scaling violations (which however may be large near x=l), the 

resulting predictions for the lepton pair cross section near x=l is of the 

form: 

It has been checked by the CIP 
14

) collaboration that eq.(12) provides a 

good fit to the data on the ~ structure function for x > 0.5 with 

(12) 

<:k.;) = l.1+0.2 (GeV/c)
2

. Also clear evidence is indicated by the data 14 ) 

for the predicted shift of the angular distribution toward a sin
29 angu-

lar dependence near x=l. This is not in contradiction with the previously 
2 . 

mentioned test of the Drell-Yan mechanism which predicts l+cos S , becau-

se only a small fraction of events is at large values of XF. 

3. QCD EFFECTS IN DRELL-YAN PROCESSES 

We have seen that the Drell-Yan formula is well supported by the data 

at the naive parton model level. We now consider the corrections to it im-
15) 

plied by our present understanding of QCD and the related tests that can 

be checked in the data. 

The first of these effects is the replacement in the Drell-Yan formula 

of the scaling quark densities with effective Q2 dependent densities. These 

are the same as in leptoproduction and satisfy the same Q
2 

evolution equa­

tions in spite of q
2 

being spacelike in one process and timelike in the 

other. Thus in the leading approximation in QCD (i.e. when additional terms 

of order 
2 2 ol5 (Q ) can be neglected as well as terms down by powers of Q ) 

the Drell-Yan formula is replaced by: 

4~ o<l. --3 S' 

(13) 

16) 
This is a consequence of a general factorization theorem that was recen-

tly extended by diagrammatic techniques also to processes where the operator 

The available data are not precise enough to establish the existence 
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of the predicted scaling violations directly. Some 

tained by analyzing the PN data in the FNAL energy 

structure function as measured at a fixed value of 

indirect evidence is ob 
1) 

range If the nuclear 

~ 10GeV
2

) is taken QzCQz 

as an input then the resulting sea distribution that one obtains by fitting 

the data with the Drell-Yan formula is definitely steeper in X than the sea 

distribution as measured in leptoproduction. T)~ically one obtains l)(l-x)n 

with n·:;:lO. On the other hand, by using as an input F
2

(x,Q
2

) as measu-
2 7 

red in leptoproduction Q by Q-, then the sea x dependence turns out to he 

S(x) ·:: (l-x)
8

"
5

:i:_O.l (in the SU(3) symmetric case) in fair agreement 1<1ith the 

CDIIS . f ( ) 8 . 4 +O. 7 f , , . 18) ext1mate o 1-x - rom v scattering . 

A more practical way of detecting a sign of QCD effects is provided by 

a study of the transverse momentum distribution of the lepton pairs. Most 

of the lepton pairs are produced with small transverse momentum together 

with two hadronic jets opposite in momentum arising from the fragments of 

the two incoming hadrons. Ilowever a small fraction of events of order 
, .r7 

()!5 CQ~)/7( should contain a pai.r with large P.i."'VQ with three accompa-

nying hadronic jets, i.e. the two hadron fragmentation jets plus a third 

parton jct. These events arise from the possibility that the incoming quark 

or antiquark radiates a hard gluon with large n before annihilating. r J. 
Alternatively a quark or antiquark may interact with a gluon from the 

other hadron to produce a massive photon and a final, high~ , quark or 
..l 

antiquark. Notice that the lepton pair directly measures the sum of the 

transverse momenta of the interacting partons. So the actual PL distribu­

tion is a superposition of the intrinsic I~ distribution of the partons 

inside the hadrons and of gluon effects including a long tail (up to p,JQ) 
l .1. l. 9) 

arising from hard parton interactions. The tail of d<~ can be computed 
r.J.. z 

in perturbation theory and it behaves at large P.1. as l/Pl.. It is preci-

sely this same effect that leads to the scaling violations in the cross sec 

tion. We understand that its importance is enhanced if we look at the ave­

rage P (.(P)) or better at higher P1 moments. A general and unambiguous 
.L .I..: 19) 

precli ct ion of QC!l in the i ncrcasc of < P.1) with energy at fixed 1" : 

The linearly rising term is computable in perturbation theory while the 

constant term is affected by wave function effects from the intrinsic 

and is mainly non pcrturbative. 

( 1 4) 

p 
l 

The a\'~:il~1blc d;:;.t3 OY1 P~: co11i,c:ionc:; fnr {..Tj} arc shown in Fig.I. 

Notice that at fixed S the dependence of <''P.i.> with Q is flat at not 
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too small Q. That is no evidence against eq.(14) because a meaningful com-

parison indepcndcl!t of the shape of :f(l'1ots) (apart from the log dependence 
? 7 

on Q- though <ll __ ((r)) must be done at fixed "Y . It is clear for example 

tll3t at '"t' = O and 'r= '1 <rr• must go to zero because of phase space, and 

therefore f(; ,o<..r) cannot be monotonic. The ""l" value of the ISR 

point at the highest Q is the same as the points at FNAL energies for 

Q '::! 4 ~s Gc\I. If we take advantage of the cmpi rical fl atncss of <e?- in '"t"" at 

fixed S for making some averaging in i; , we obtain a plot as in Fig. 2 for 

the observed rise of <P.1.> with energy. The observed slope is well consistent 

with theoretical cst.imatcs ZO) within the uncertainties in the calcula-

tion due to the lack of knowledge of the gluon density, the ambiguity on the 
2 

( c((Q ), value of "~ .. .., s 
tJ._,. (S) etc.), the non leading terms. All this taken 

into account the i ncrcase of <i;) with ..JS"" appears 
·J. 

to be the clearest cvi-

clcnce so far for QCD effects in Drell-Yan processes. 

A more difficult theoretical problem is the prediction of d·:r: at smal­
df~ 

ler P..l. • An important step in this direction was achieved by extending the 

calculable domain from the case of a single large scale (i.e. P~, .... Q
2

) to 

l f ( 
2 · · 2 2) Tl . . 1 k . k t 1e c::isc o two large sc::iles M ~.•. P..L .:.:<.. Q . ns invo ves ·eep1ng trac · to 

all orders of terms in log P;/Q 2 
that could he neglected in the previous 

21) 
case. The result is the famous DDT formula : 

(15) 

with 

-1 l. 
~.~--

(16) 

;!.-l 3n: 

In the available data the applicability of this formula is only marginal due 

to the limited Q and lj_ range explored so far. Actually perhaps the most 

important quantitative difference in practice is the realization that the 
? 

use of C( (f'.1·) rather than ::•: •. (Q-) is more appropriate in the calculation 
$ .1. -

of the PJ. moments. The result is a reduction of the amount of intrinsic P • .... 
l l cl J 1 l . ·1 · 22 ) I .t tl l t nccc cc to repro uce t 1e actua c :i str1 1Ut1on . "ast year I· was 1oug 1. 

to be around r.i.'~ 600 Mc\I (intrinsic per parton). Now it is considerably lo-

wer 
22

) P.v 400 Mc\I. 
J.. 

\lie now turn to a third effect of QCD that has to do with the calcula-

tion of non leading corrections. In cq.(13) all terms down by a power of 

~ (Q
2 ) were neglected. To evaluate the first order corrections it is pre-

1 
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liminarly necessary to precisely specify what we mean by quark densities. 

This can be done 
23

) by specifying that the quark densities are to be measu­

red from the structure function F
2 

in leptoproduction. That is F
2 

is rela­

ted to the quark densities by the familiar parton formula valid by defini­

tion with no corrections of order ~~(Q 2 ). The advantage of choosing F
2 

as 

a standard is that it turns out that quark densities so defined satisfy l 3 ) 

the valence sum rules: 

(1 7) 

etc., with no corrections of order v(rCQ
2
). Once the quark densities are so 

defined one can compute in a non ambiguous way the corrections of order 

a/SCQ
2

) to the parton formulae for all other processes. In the Drell-Yan 

case the improved formula is as follows: 23 l 24 ) 2
S) 

2.. ~ . { H .. ]I" . G O(i - _i17c..O(.:; J dJC'\ d'){:i.. [ i "l. t'J I(.... (jl..) ;; Hi( ,/ {:i-'- l ..... . J. ~ ·:· i ( J l:" 
_.... - - • -:- t:<. 1 l" I ..... l '"1 -~.l: .... IT l~ .. ~· "'' ·t - f + 
•)l\t. OS )(,)(, .(. t. ~ i : I ,\lf _.,, ,...... "' .. 

(18) 

where l<' 4= ei tq ~ ()('( G!2 )+ a ... {K Q.t)l and "'-" L '"' · 1v. r J 

{ r. \ + 2. ( 'I ·Ft 1 ){ -t;,,, { -~ l, ·t-
1 ·------' 

\. '!··~ /..:r 

(19) 

It turns out that the gluon correction is normal, i.e. it can be negle­

cted at not too larger values of "t' in all processes where the quark term 

is of valence-valence type, while it makes a non negligible correction for 
23)26) valence-sea processes On the other hand the quark correction is 

quite large at present energies with currently accepted values for a;cQ2
). 

The most dangerous term is the J function term that renormalizes the pain! 
7 

like cross section. It arises mainly from the continuation from spacelike q-
2 

in leptoproduction to timelike q in Drell-Yan processes. The other terms 

in f't are rapidly increasing with 1"' and arise from the difference in 
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phase space between leptoproduction (the heavy photon in the initial state) 

and Drell-Yan processes (the heavy photon in the final state), The situa-
r--

tion is summarized in Fig.3 for 1(N co ll is ions at \IS':::! 21 GeV. The gluon 

correction is in this case negligible and it is not displayed. It is impor­

tant to notice that in the -r range of the data the result amounts essen­

tially to a large change in the over all normalization in the cross section 

in excess with respect to the naive prediction. Of course being the 

first order correction so large we cannot trust the present approximation 

beyond a semi quantitative level. 

Note that all tests of the Drell-Yan mechanism discussed in the first 

part of this talk are essentially unaffected by the above results. In fact 

the predictions of a linear A dependence
1

approximate scaling, linear rise 

of <'.P.,_) at fixed "l' are not changed. The intensity rules are not qualitati-
1.l'.'I 

vely altered. Also the '1+t.cs u angular distribution is not changed, becau-

se it turns out that the large corrective terms are not in the longitudinal 

part but only in the transverse part. 

In view of this large non leading terms it is interesting to inquire 

whether the experiments allow to draw some conclusion on the measured scale 

of the cross section in comparison with the prediction of the naive Drell­

-Yan formula. It is remarkable that actually there are consistent indica­

tions in the data for a cross section larger than expected. We consider 

first the new data on 'Jt.N collisions. Let us introduce a scale factor 

defined as 

(20) 

The parton densities can be normalized by requiring the validity of the va-

lence sum rules: 
1 

J~ \~Ix) d)( =-i ( 21) 

for the pion and similarly for the nucleon (see eq.(17)). Then the situa-

tion appear to be as follows. The Goliath group takes the nucleon structu-

f . f 27 ) d b . re unctions rom Buras-Gaemers an o ta1ns 
4) 

K ~ 3. The NA3 calla-

boration finds K~ 2.2t-2.5 if the CDHS lS) nucleon densities are taken 

and K zl. 4 if they take the nucleon densities from their own fit (which 

however contains a large sea component, so that only 20t-30 % of the momen­

tum is left for gluons in the nucleon). The CIP 
3 l collaboration finds K::;:. 1 

if thP rro"" <:ec-rion per nw:::1eon -!" e:vtnrtPrl fr0111 the d'!tfl on tungsten hy 

using the measured A
1

"12 dependence. That means they would end up with 
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K~:2 for a linear A dependence. 

Finally in PN collisions we learn from refs.(1,11) that the CFS group 

finds the amount of sea required to fit the Drcll-Yan data to correspond to 

a fraction of momentum as high as 6% (per species). In V scattering CllllS
18 ) 

only finds about 2.5 °/ 0 • This is also illustrated by a study of Ber-
28) 2 

ger who compares at correspondent values of Q and l< the CDHS sea 

with the Drell-Yan sea. In the overlap region a discrepancy of about a fac­

tor of two is observed (see Fig.4). 

Note that the predicted departures from the naive Drcll-Yan formula 

should dramatically increase when T approaches 1, where prominent factori­

zation breaking effects should also be present. Finally we recall that in-
29) 

stanton effects are also possibly dangerous for the Drcll-Yan picture 

4. CONCLUSIONS 

The data accumulated so far are enough to conclude that the Drell-Yan 

mechanism for leptoproduction appears to be physically correct. The problem 

is now to go beyond the naive parton model and establish or disproof the 

presence of the departures from this first approximation as predicted by 

QCD. The only reasonably verified signature so far is the rise of .( P.) 
..L 

\\'ith Vs at fixed 't'. The normalization issue seems to be a crucial point to 

he checked. ~N collisions are promising in this respect, but the problem 

of the A dependence must be settled before one can derive firm conclusions. 

think it is clear by now that a solid confirmation of QCD can only 

arise from a patient work exploring at the same time different processes 

where the same basic quark gluon interactions are at work. In this respect 

Drell-Yan processes will play an important role. 
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DISCUSSION 

Chairmmi: S .C .C. Ting 

Sci. Sec1>etm>ies: C. Best and H. Ge1mow 

E.L. Berge1°: For the next to leading 1/log Q2 corrections to the Drell-Yan fonnula, do the 
corrections due to the initial g + q diagrams dominate, 0r are the qq diagrams more s ignifi­
cant? I am thinking of the possibility of subtracting JT+N from JT-N cross-sections to remove 
the higher order, non-leading l/log Q2 tcnns. If the qq set wins, this subtraction could be 
motivated. 

G. Altarelli: In general the gluon tenn is completr::ly negligible for valence dominated pro­
cesses unless you go to very larger. 

R.C. Hwa: A year ago CP data showed no significant dependence of (PT\i+µ- on xp. 111at 
ruJ cd out QCD contributions as an important cf rect ~;ecausc the large PT of µ+µ- accompanied 
by a gluon recoil in q+q -+ (µ+µ-) + g should be seen mainly at low xF, not large xF. Have 
the data changed since then at higher energies? 

G. AltoYelU: No, the data did not change at that energy. 

A. Bodek: Do you sec any mechanism for making the Drell-Yan cross-section bigger than A1 
•

0 ? 
Nonna1ly an A-dependence bigger than 1.0 can be obtained by multiple scattering of the final 
state. However, here the final state is two muons. Interaction of the initial state hadron 
in the nucleus, losing energy and re-interacting again tends to make the A-dependence smaller 
than 1.0. 

G. Altm0 elli: \Yell, the final state is not only leptons, there arc also hadron fragments 
which could contribute. I do not know however of any detailed theory for an A-dependence. 

s.,1. B1°odsky: Regarding the A-dependence or the massive lepton-pair cross-section: an 
effect that seems reasonable physicdlly is that one expects the incoming hadron to lose energy 
in the nucleus by standard particle production (Glauber) processes. 111e energy loss and re­
arrangement of the Fock space of the incident hadron before the qq annihilation evidently 
destroys simple factorization argtm1ents. Should not such effects be taken into account at 
some level? 

G. Altarelli: I would not be so impressed by finding A1
' 1

2
• I only pointed out this fact 

because it is very important for knowing our cross-sections per nucleon. I would not expect 
more than, say, a lO~o departure from a linear A-dependence because otherwise I would conclude 
that the parton model cannot be the full story, since the cross-section is not proportional 
to the number of partons you have around. So if you see a large effect, this is not impossible 
to imagine, but certainly a blow against the parton approach. 

1110 experimental evidence is contradictory because from proton beams we would say it is per­
fectly linear. from pion-nucleus collisions there is contradictory evidence from different 
groups, so the situation is more confused on a measurement point level than for theory to 
worry about. 


