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I. INTRODUCTION

My charge is to summarize our theoretical understanding

of massive lepton-pair production in high energy collisions

of hadrons:

h l + h 2 "*" £+£~ plus a ny t n i n8»

where I is an electron, muon, or heavy lepton (x). The

theory is evolving rapidly, in response, in part, to the ever
1 2increasing quality of the data. ' Recently good tests have

been made of several theoretical expectations, including the

scaling hypothesis. A relatively new feature of the data is

the observation that dileptons emerge with larger mean trans-

verse momenta than previously supposed. The mean transverse

moment tun appears also to be independent of dilepton mass for

5< M < 10 GeV. These (p-,) properties may be interpreted

in a QGD framework in terms of the same types of quark-gluon

diagrams which provide scaling violations.

In this report I focus for the most part on the dilepton

continuum, the "background" above which one observes the reson-

ances of the J/¥ and T families. I begin with a short
• • • • • • ' . . • • • " • • . . " o

review of the traditional Drell-Yan annihilation model and

its experimental successes. Next I describe the reinterpre-

tations of, or "corrections" to this model which are required:

in light of recent theoretical and experimental developments, ~

including scaling violations in deep-inelastic electron and

muon scattering. Finally, I report on some very recent work



which others and I have done in an attempt to'interpret the

transverse momentum distribution of lepton pairs.

There are various reasons for investigating the produc-

tion of lepton pairs in hadronic reactions. The J/f and T

states were found this way, and it takes no imagination to

suppose that the discovery of other new hadronic degrees of

freedom (viz. heavier quarks) may be only a question of

securing the greater acceptance, resolution, luminosity, and

energy needed to probe even higher values) of the dilepton mass.

If there are new quarks, the J ' •= 1 CjQ state will coUple through

a virtual photon to lepton pairs. Higgs mesons and the neutral

vector boson mediator of weak interactions, the Z' , should be

observed as states in the s. K mass spectrum. Measurements

of dilepton yields at present energies, along with the con-

served vector current and scaling hypotheses, permit estimates

to be made for charged weak vector boson W~ yields at the

much higher energies which should be available soon at CEKN,

Fertnilab, and Brookhaven.

In this report, 1 concentrate on yet another aspect of

the physics of massive leptpn pair production in hadron colli* '

eions. The data provide a good opportunity to test various

concepts regarding quarks and other partone, including:

a. Scaling and scaling violations.

b. The connection between h^h2 *« fc"*X and the "crossed"

processes, in which one or two leptons are in the

initial state:
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c. QCD quark-gluon dynamical prediction* for the pT

distfibution of high mass lepton pairs (includiiip

the Mt 8 and x,; dependences of Cp_.)).

d; The data also provide an independent dpteriiii.uatiott

of anti-quai'k and gluott tiiontentum dietf ibutlone , In

the case of n induced reactions, e.jfe. «N •••• ui*iX4

the quark structure functions for the pion maj' be

deduced for the f i rs t titne<
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II. THE CLASSICAL DRELL-YAN ANNIHILATION MODEL

I eschew the usual warnings regarding the inapplicability

of the "rigorous" operator product expansion to IM^"*' £+£~X

and, instead, adopt the phenomenological Drell-Yan model as

a point of departure. In this model, it is supposed that when

two hadrons collide, a quark constituent from one miraculously

enougn finds an antiquark constituent in the. other hadron, with

which it then annihilates.through a single virtual photon of

FT
mass M«yQ . This process is sketched in Fig.l. The probabil-

ity that a quark [antiquark] is present with longitudinal

momentum fraction x of the parent hadron's momentum is ex-

pressed by a function q(x)[q(x)J. In this classical Drell-Yan

model the functions q(x) and q(x) are independent of Q —

i.e. are scaling functions —- and the quarks and antiquarks

are assumed to carry neglible transverse momentum. Both asser-

tions require modification, as I'll describe later. The longi-

tudinal fractions x are positive, and n «Q «sx,x2, where

here x^ refers to a quark (antiquark) from hadron 1, and x2

labels an antiquark (quark) from hadron 2. It is supposed that

q(x) is a function derived from data on deep-inelastic electron

and deep-inelastic muon scattering experiments, and that q(x)

is likewise known as a result of studies of vp-*• yX and vp •*'

vX. For large IT, the oft-quoted Drell-Yan prediction for

& or h ^ *eiX is

_
uM

2 ' •- • •-.-• ' . ' • " • ' • • • - ' • ' • ' . ' .

£ e2ff dXldX2fqi(Xl)qi(x2)>qi(Xl)qi(x2)]6(x1x2 -M^). (1)



The sum is taken over the different quark flavors, usually

restricted for practical purposes to i*u,d, and s. The factor

9 in the denominator is a product of two factors of 3, one de-

rived from an angular integration in the final £& rest frame.

The second is the famous "color factor"; e. is the fractional

quark charge. An integration may be "undone" easily in Eq.(1)

to obtain expressions for do/drady and do/dMTdxF, where y

and x_ are the rapidity and scaled longitudinal momentum

(Feynman x) of the lepton pair. I do not repeat those expres-

sions here. For h,hy.-*• T T~X, the lepton mass (m_~1.8 GeV)

is no longer negligible with respect to typical values of M,

and a threshold factor

must be inserted on the right hand side of Eq. (1). Tl»c T LZ

.^c-cd t:e hcVi spin 1/2. Displcy-d in 1^- (2) is the explicit

angular dependence expected in the classical Drell-Yan -model. In

the T T" rest-frame, 6 is the polar angle of a T with

respect to the axis defined by the collinear qq system.

My plan is to list some of the predictions of the classical

Drell-Yan model and to compare them with data. This discussion

leads naturally to questions of scaling violations,"corrections"

to the classical model, and to p T spectra, which I take up in

subsequent sections. ;.



III. PREDICTIONS OF THE CLASSICAL MODEL

1. Scaling. An immediate consequence of the form of

Eq.(l), regardless of the explicit values of q(x) and q(x),

is the assertion of scaling, whereby an appropriately defined

quantity: depends only on the ratio M//s, at fixed y or xp.

Specifically, we should find that

M4 dp . -'/ M

This equation may be rewritten in a variety of ways, including,

for example,

K

Here T - M 2 / S ;

To test Eq.(3) [or Eq.(4)3 , we need precise data at several

different energies Js, for values of M which exclude the

resonances of the J/¥ and T families; i.e., the acceptable

regions of dilepton mass are /,.5<M<9 GeV, or M>11 GeV. For

practical reasons, only the mass range 4.5 <"M <9 GeV has been

explored thus far at several different energies. Experimental

acceptance also limits the values of y at which data are avail-

able at different energies.

In the reaction pN-*-uyX at y-0.2, the Columbia-Fermilab-

Stony Brook collaboration1 has demonstrated that scaling holds to

within 20% for M/Ss values between 0.2 and 0.4, for P l a b~
200,

300, and 400 GeV/c. Their target N is Platinum, 60% neutrons

and 40% protons. This is the most precise test of scaling thus



far. A previous investigation was made by a Chicago-Princeton
4

group. Obviously tests are desirable over a wider range of s,

and for more values of y. In Fig.2,I compare some recent ISR

data3 with a scaling curve derived from the 400 GeV/c pN data

of the Columbia-FNAL-SUNY group. The comparison does not test

scaling inasmuch as the ISR data are by and large limited to

M//s< 0.2, whereas the FNAL data are in the different range

0.2 <M/»/s" < 0.5. Within the rather large errors of the present

ISR data, the comparison in Fig.2 suggests that the function

f (M/Vs") derived from the FNAL data can be extrapolated into a

lower region of M/Vs without gross error.

Scaling violations, owing to the fact that the functions
_

and q(x) are expected to be funct

that Eq.(3) is to be replaced by the form

_ 2
q(x) and q(x) are expected to be functions also of Q , suggest

dM2dy

The explicit M dependence in f^ represents the scaling vio-

lation. How large should the deviations be from the perfect

scaling predicted by the classical Drell-Yan model? Theorists
• ' • - " . • . . • • •'• - 7 - 9 - ' ' '

are now trying to answer this question , and I will return to

it below. To answer the question one must first devise a set
• - • • ' • 2 ' • • ' • ' • • ' • - " . • . . ' • • ' • : - • • ' • - . • • ' -

of Q dependent structure functions, which are consistent with

the high energy deep-inelastic yp •*• p 'X and vp •* pX data,

and which fit the (latest) data from pN •* yyX at one energy,

say, 400 GeV/c. Then expectations can be calculated for, say,

200 GeV/c and ISR energies. Because the Q (*n ) values are rela-



tiveiy large in dilepton production (Q25 25 GeV ), whereas

scaling violations are most pronounced for smaller jQ | in

deep inelastic processes, the interval in s over which data

are compared may have to be very substantial before scaling

violations are measureable in dilepton production by hadrons.

2. Quantum Number Effects. There are many tests of

this nature, some more model dependent than others. 1 will

mention only one. Consider the ratio of cross-sections o(^+T

O(T"TQ) for producing high mass lepton pairs when TT1 beams

impinge on an isoscalar target TQ. The sea component of the

quark and antiquark distribution functions, q(x) and q(x),

dies off much more rapidly as x increases than does the val-

ence part. Thus, at large enough lepton pair masses (recall,

M - 8X2X2)' t h e c r o s s section is dominated by the annihilation

of a valence anti-quark in the pion beam with a valence quark

in the target. The z is a (3u) system and the IT" is a
+ - 2

(ud). Therefore, we expect 0 (TT ) /o (IT ) » (ed/eu^ " ̂ * f o r

large dilepton masses. The recent Chicago-Princeton data sup-
2port this expectation nicely.

3. Linear Dependence on A. In the model, the quarks are

assumed to act incoherently in a nucleon. Thus, they should

also be incoherent in a nucleus. It is evident, therefore, that

the cross-section for massive lepton pair production should be

proportional to A, the totalnumber of nucleons in a nucleus.

More than a prediction of the classical Drell-Yan model, this

condition is a minimum requisite for applicability of the model.

It seems, to hold'J for M 54.0 GeV. i
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4. Transverse Momentum Distributions. As remarked above,

the quarks and antiquarks are assumed to carry "little" transverse

momentum, and therefore the dilepton pairs should emerge with "small"

p™. Experimentally,5 on the other hand, it is observed that (pT) -

1.2 GeV, and (p£) = 1.9 GeV2 for 5 < M < 10 GeV in pN collisions at

p., . « 400 GeV/c. The data are shown in Fig.3. Are these statements

consistent? It seems obvious that quarks and antiquarks in

the initial hadrons carry some non-zero (k_) associated simply

with the fact that they (several together) are confined in a

region of transverse dimensions of order 1 fermi. The uncer-

tainty principle suggests \k_)s300 MeV. This is perhaps a

lower limit. More relevant for a determination of {k_) is

the fermi motion of quarks within a hadron, which is in turn

associated with the inter-quark spacing. Thus, (kT)=600 MeV,

or more, is not obviously an unreasonable figure to assign for

the mean transverse momentum of a quark or antiquark in the

initial hadron wave function. Specific (bag) models of quark

confinement can be exploited^ to refine this estimate, to suggest

whether (k_) should vary with x of the quark, and to provide

predictions for possible differences between (k_) and {k_}-.

Turning to the data, now, if we assume that the entire experi-

mental figure of (pZ.)«1.9 Ge^r is to be associated with trans-

verse momenta of the quarks and antiquarks in the wave functions

of the incident hadrons, then we would conclude that (k_) * 1 GeV .

Qiere I have assumed (km)- " (kT);jD- Adopting a Gaussian distri-

bution in 1^, I deduce • "(k̂ )_•* 900 MeV (-800 MeV if exponential).



10

Although 50% larger than the "fermi motion" figure I quoted

above, the value of 900 MeV is not outrageously large. Never™

12 13
theless, it is the judgment of many theorists ' that a

dynamical explanation should be sought for the "large" experi-

mental (pT) = 1.2 GeV in terms of hard-scattering models, rather

than the bag or confinement explanation I sketched above. In

the hard-scattering approach a substantial part of (pT) derives

from the scattering of quark and gluon (or meson) constituents,

such as sketched in Fig.4. In this view, the transverse momen-

tum of the dilepton is balanced by a quark (Fig.4(a)) or gluon

(4(b)) jet in the final state. I describe specific models of

this type in Sec.V.

The hard-scattering and confinement explanations differ

in their predictions for the s dependence of transverse momen-

tum effects. The observed growth of (p T), at fixed M//s\ when

p, • is increased from 200 to 400 GeV/c is suggestive that the

hard-scattering approach is important even at relatively small values

of pT> No doubt both confinement and hard-scattering components are

present. In any case, the classical Drell-Yan model needs modifica-

tion. I return to this issue below in Sees. IV and V.

In Fig.5, I compare the experimental distribution in p~

with calculations of Edo/d p in which I replace q(x) in
- •• • 1 4 ' ••: •••••'• • ' " • : ' : ' ' ' • ' • •

Eq.(1) by the factorized form

E), (6)

with Xp.- [x2 +4k^/s].An identical substitution is made for

q(x). The forms I use for q(x) and q(x) are described later,
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in Eqs.(9) and (10). For f(|k^j) I tried both Gaussian and

exponential forms, with (k£) = (k^)-=0.5 x (1.9) GeV2. The

description of the 400 GeV/c data is adequate with these naive

14
models of the confinement type, but energy dependent effects

are not reproduced unless (km/ is chosen to be a function of

s. In Fig.3, 1 show how (pT) and (p T) are expected to vary

with M at 400 GeV/c in these naive models. Note the kinematic

rise at small M before (pT) becomes roughly independent of

'•ft for M 2 4 GeV, as in the data.

5. Angular Distributions in the Classical Drell-Yan Model*4'15'16

In the quark-antiquark rest frame (which is also the

dilepton rest frame), the angular distribution of a final lepton

is predicted to have the form

[l+acosV], (7)

with

\ M2 + 4m2 '

The average is taken over the different quark masses m. In

the (usual) limit M>>in ,. a = l. The longitudinal direction (6*

is defined by the quark-antiquark collinear axis. If the quark

and antiquark carry no transverse momentum, as in the classical

Drell-Yan model, then Eq.(7) is true also in the "t-channel" di-

lepton rest frame, in which the 6 - 0 axis is specified by the

(longitudinal) direction of'the initial hadrons.
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Owing to the fact that {p T)*0, Eq.(7) with a = 1,

should no longer hold in the t-channel frame (and even less

so in the s-channel helicity frame). In general, both 6"

and <p. dependences are expected. If the effective e

l+ci cos 6 I, the value of

at in the t-channel frame is expected to change with p_, M,

Xp and s of the reaction. In Ref.14, specific forms are chosen

for the distributions f(fk"Ti) in Eq.(6), and explicit results

are presented for the variation of a with x_ and M. For

M > 5 GeV, it is found that (a )>0.S for all x_; here the

average is taken over p_,. The modification of (at) due to

kT smearing is not great for large enough dilepton masses.

In Fig. 6 I show the expected variation of ot with p T, for

M=5.5 GeV and Xp = 0. These results are of both theoretical

and practical interest. When sufficient data are available,

they will permit another non-trivial check of the Drell-Yan

mechanism. At the moment the experimental acceptance is

restricted to a small region in e about 6 - 0 . The theo-

retical results may therefore be useful now in estimating cor-

rections to the data for the limited acceptance. In Ref.6, the

assumption is made that a -1 for all M and pT- The

curves in Ref.14 suggest that this assumption overestimates the

cross-section do/dMdy at y-0 and M * 5 GeV by about a

factor of: "-1.07 relative to that at M > 10 GeV. Likewise,

Fig.6 suggests that the assumption leads to an overestimate of

the experimental cross-section at M«5.5 GeV and P-~ 4 GeV,

relative to that at small p_, by a factor of =1.2.
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While this latter error leads to slight overestimates of (p>p)

and (pT) in the data; the effect is not substantial.

6. Absolute Normalization. While predictions for the

absolute dilepton yields are perhaps the most interesting for

experimental comparisons, and for estimates of W* rates, they

are very sensitive to model dependent assumptions about, for

example, the function q(x) in Eq.(l). To be specific, sup-

pose we consider the observable dc/dMdy at y = 0 for pK-*

pjJX at 400 GeV/c. At y-=0, x1'~x2.= x-M//s, .and c = (q(x)

q(x)). (For tnc mcment I continue to ignore possible Q^ r-~r j_

ence). Above the J/* region, where M > 5 GeV, the Columbia-

FHAL-SUNY group0 provide data in the range 0.2<4i<0.5.

Unfortunately, q(x>0.2) is essentially unknown. Gargamelle

neutrino data-*-7 at low energies provide q(x) for x<0.2, and

theoretical extrapolations are necessary for estimates of

q(x >0.2). Various such extrapolations have been made. ' I

think it is fair to say that none was successful in predicting

the dimuon rate observed by the Columbia-FNAL-SUNY group . One

18
example, due to Field and Feynman , is compared with the data

in Fig.7. The Field-Feynman expectation falls below the data

by about a factor of 3 at M ~ 5 GeV, but appears to meet the data

for M>10 GeV. A second ingredient in the prediction of the

absolute cross-section is the color factor of 3 in Eq.(l). If

it were removed, the Field-Feynman curve would agree with the

data at M -5 GeV and exceed experiment at larger values of M.

However, few theorists would seriously suggest dropping the

color factor. Owing to present uncertainty in our knowledge

of q(x) in the relevant x range, it is impossible to "test"
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whether the color factor is correct in Eq.(l). This situation

may change in the next year or so when good determinations are

available of q(x) from neutrino counter experiments. For the

time being it is more sensible to retain the color factor and

to await improvements in q(x). It may be remarked that the

classical Drell-Yan model has done astonishingly well in coming

within a mere factor of 3 of the experimental rate. Indeed,

the data themselves are assigned a systematic uncertainty of

15% and a separate overall normalization uncertainty of 25%.

Given the sensitivity of the data to q(x), the problem

can be inverted, and the data on pN-*puX used to determine an

- 2

average q(x). (The average here is over quark flavors and Q ).

This procedure requires an independent determination of q(x),

from some other source, since o _ <= (q(x)q(x)). One method was

chosen by the authors of Ref.6, who find q(x) =0.6 (1-x) . I

use a different procedure. I adopt Field and Feynman's para-

metrization of the valence part of q(x), which they determine

from deep-inelastic electron data. For each quark flavor, I

write . . . ' ••'-•";. ' • • " ' •

q(x) > qJF(x)+S(x) (9)

xq(x) « xS(x) ECjd-x) 9 2 (10)

I determine that a good fit to the dimuon data is obtained if

the average sea is parametrized as

xS(x)-0.42(l-x)9 (11)

This function is determined by data in the range 0.2 <x < 0.5.
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My fit is shown in Fig.7. I attribute no virtues to this

"hybrid" model, but it does provide a set of quark and antiquark

distribution functions which I need for calculations reported

in Sec.V. The complete details of my parametrization are pro-

vided in Table 1. The parametrization satisfies various desir-

able sum rules.

Several reasons may be advanced for the differences between

my sea distribution and that of Field and Feynman who use xu(x)*

0.17(l-x)10 and xd(x) = 0.17(l-x)7. First, as remarked above,

the Fie Id-Feynman choices are pinned to data at x<0.2, whereas

my expression fits (different) data for x>0.2. It is easy to concoct a

form for xS(x) which has the "Gargamelle value" 0.17 at x = 0,

chosen by Field and Feynman, but which yields my expression in

the range x>0.2. This procedure is tantamount to suggesting

that the Gargamelle and Drell-Yan sea distributions are not really

different, but that they can be made to merge into one another

if sufficient flexibility is adopted in parametrizing the func-

tion xS(x). On the other hand, the difference can be viewed

instead as a real physics difference associated with Q depend-

ence. This is the more popular theoretical interpretation. The

Gargamelle data are confined to values of |Q | <2 GeV , whereas

in the dimuon data 25 < Q < 150 Gev. Jf q(x) is replaced by
• • • • • • . • _ o • ' • • . " • • ' •

the scaling violating form q(x,Q ) , then there is no reason to
- 2

suppose that the Gargamelle q(x,Q ) should apply for values of
2
Q more than an order of magnitude larger. It is more relevant

then to compare the average - q (x) extracted from the dimuon data

with antiquark distributions deduced from very high energy neutrino
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20
experiments. Recent BEBC data are in fact consistent with my

Eq.(ll). I will return to scaling violations in Sec. IV.

7. Distributions in Xp and y. 'Hie expected rapidity

y and Feynman Xp dependences of da/dMdy and da/dMdXp axe

straightforward predictions of the classical Drell-Yan model

once specific forms are chosen for q(x) and q(x). I've

discussed uncertainties associated with q(x) above; they are

reflected in expectations for the y and x_ variations of the

dileptori yield.
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IV. CRITIQUE OF THE CLASSICAL MODEL

In Sec. Ill, I surveyed some of the successes of the

classical Drell-Yan model. Rather than continue in that vein,

I think it is appropriate to discuss the justification for

the model and to ask what modifications or reinterpretations

are necessary in the light of other recent experimental and

theoretical developments. I mentioned that the "large" values

observed for <PT) in pN-fviiX, and the observed energy

dependence of (pT), require modifications of the classical

model. I also referred to the scaling violations which appear

to have been observed in high energy deep inelastic muon
21 20

scattering |ip-»ii'X, and by the BEBC collaboration in

vp -<• uX. These data suggest that the structure functions

q(x) and q(x) in Eq.(1) may have to be replaced by functions
.. ' 2 • • '

with explicit Q dependence, which may Or may not be identi-
• • ' • ' • . " - : . • 2 -

cal to these determined in deep inelastic reactions at Q < 0.

Moreover, we may also ask what is special about the qq anni-

hilation diagram in Fig.l. Why not calculate and include other

contributions, for example, from the graphs shown in Fig.4?

To first order in the strong coupling constant a , the

constituent scattering portions of Fig.4 are provided by the

(two body final state) "quark exchange" Compton and annihila-

tion amplitudes shown in Fig.8. Higher order graphs may also

be drawn. Those in Fig.9, with three particle final states
>2.

and 9, the dilepton (not drawn) emerges, as always, from the

• . • -'• 2 r

(qiq.Y). are typical of graphs of order (as) . |_In Figs.8
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decay of the virtual photon!. Although a « I/log Q2 , the

cross section corresponding to the graphs in Fig.8 is pro-
• • . . - ' • ' ' 2 ' '

portional to a log Q , and the graphs in Fig.9 provide con-
2 2tributions proportional to (a_ logQ ) . Therefore, the higher

• • s

order terms are not necessarily small with respect to the

simple annihilation graph in Fig.1. They may also provide

different x p and M dependences. Noting that the graph in

Fig.9(a) involves the scattering of valence quark constituents,

we may wonder why it is not the dominant contribution, especially

in pN collisions where the annihilation diagram in Fig.l feeds

on the relatively small antiquark sea. The process sketched

in Fig.9(a), where the final photon may be joined to any of

the four quark lines, was in fact proposed to explain high mass
22dilepton production by Berman, Levy, and Neff at about the

same time as the original Drell and Yan proposal.

If the various diagrams sketched and suggested in Figs.6

and 9 must be computed separately then, at the very least, the

"model" becomes cumbersome and may lose considerable predictive

power. The amplitudes of different orders of ag should be

added coherently, before cross-sections are computed. Other-

wise, errors of "double-counting" are committed. The latter

difficulty can be avoided only at the price of a different or

additional ambiguity; one may try to compare different consti-

tuent scattering terms with data in different regions of phase

space where the"amplitudes have negligible overlap (e.g. try

to separate the two jet, three jet, four jet, etc. contribu-

tions), i
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Fortunately, there is growing support among theorists

23
for the conjecture that the three problems mentioned above

(scaling violations, large ( P T ) I and additional diagrams) are

all part of the same story, and that they may be resolved

together. Stated in oversimplified fashion, the idea is that

the full series of constituent scattering diagrams •, to all orders

2
in a , generates Q dependence of the structure functions,

as in deep inelastic scattering. Thus, the cross-section for

lepton pair production in hadron collisions, do/dMdy, may be

computed from the simple annihilation graph in Fig.l(a), provided

2that Q dependent structure functions are used. Moreover,

2 " "

these Q dependent structure functions are identically those

determined in deep inelastic electron, union, and neutrino scat-

tering at the same JQ |. in this fashion, for dcr/dMdy, effects of the

higher order graphs are automatically included. When the experi-

mentally extracted Q dependent quark and antiquark distribution

functions are used in Eq.(l), constituent subprocesses such as

those sketched in Figs.8 and 9 should not be calculated independ-

ently, as they are already included.

The original papers should be consulted for a full dis-

cussion of scaling violations in deep inelastic processes and

their interpretation in terms of asymptotically free QCD. I

limit myself to a few qualitative comments. In deep inelastic

scattering, the quark distribution functions represent not only

the naive quark model contribution sketched in Fig.10(a), but

include also other effects to all orders in the strong coupling

constant a . The "extra" contributions to first order in o
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are illustrated in Figs.lO(b) and 10(c). In Fig.lO(b), the

quark "first" radiates a gluon before scattering from the o/ <

0 exchanged photon and in 10(c), a gluon constituent dissoci-

ates into a quark-antiquark pair, one of which then scatters

from the photon. The first order graphs in Figs.10(b) and

10(c), and those in higher order in as> are understood to

generate Q dependence of the structure functions q(x). If

the-quark, antiquark, and gluon distributions are supplied
2 2

(as functions of x) at one initial starting value Q " Q o , then

the renormalization group equations of the theory provide the

2
x distributions at higher values of jQ |. These x distri-

2 2

butions generally change with Q . For example, as jQ J grows,

the valence quark distributions are predicted to become more

sharply peaked toward x = 0. The sea distributions are expected

to increase in magnitude at x * 0 , but to fall off more sharply

witn increasing x. This behavior of the sea is illustrated in
. . . . . . . . . . ^ .j

Fig. 11. Tne pattern and size oi the predict -d Q*" derer.Jer.re

(scaling violations) agree qualitatively with experiment.
The obvious similarity between the graphs in Figs. 4 and 8,

and those in Figs.10(b) and (c), encourages the conjecture
. ' • • • • - . . • • " - • • • • ' ' " o • •

mentioned above that the QCD Q dependent corrections to the

structure functions are the same in both deep inelastic processes

and in lepton pair production reactions. However, the mathemati-
..••.' . • " • • ' 2 • • '

cal techniques available in the Q < 0 deep-inelastic regime
, • ' • . ' : • ' • ' . o • • • . . ' • ' • ' . '

are inapplicable in the Q >0 domain of lepton pair production.
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A check of the conjecture must be made in perturbation theory,

order by order. It is not obvious that the necessary factor- •:•

ization can be demonstrated whereby a Drell-Yan type annihila-

tion formula will result in each order of a . After a compu- '••'•.

tation is made of the QCD diagrams, such as shown in Figs.8 and

9, it is necessary that the answer have the appearance of a

product of terms, each associated with one of the initial hadrons,

2
and that no leading terms appear involving the sum (p,+p2) of

the initial hadron momenta.

The quark-gluon diagrams of Fig.8(a) and (b) provide a

leading contribution to the lepton pair cross-section having the

form23 .- . .- . : .- :

2where p, is the four momentum of ":he initial gluon, and aQ

is the classical Drell-Yan cross-section. The term multiplying
' . • 2

aQ above is exactly the first term of the series for P_/G(x,Q )

representing the antiquark content of the gluon, as measured in

the deep inelastic process in Fig.10(c). Thus, to this order in

a. , the contributions of Fig. 8(a) and (b) are already included
S • - • - * -

in the annihilation process of Fig.1 if in Eq.(1) we make the
replacement

q(x)>q(x)+P-/G(x,Q
2), (12)

o r , m o r e g e n e r a l l y , ' . " , . . ' •

2 . ( 1 3 )
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The gluon-gluon graphs shown in Figs.9(b) and 9(c) provide a

leading contribution to the lepton pair cross-section having

the form

oQ(l - 2x1(l-x1)) (l - 2x2(l-x2))ct^ log (Q
2/p£) log (Q2/p2) . (14)

This expression manifests the necessary factorization, and is
2exactly the order a term in the product

In summary, the conjecture is that the Drell-Yan quark-

ant iquark annihilation formula is fully justified in a QCD

framework, and that it includes in principle the sum of QCD
2

graphs to all orders in a . provided that Q dependent struc-
ture functions are used in Eq.(1). Moreover, these structure

functions are identically those extracted from deep-inelastic
•• • • • •. 2

processes (with a trivial change of the sign of Q ). Thus far,

this important conjecture has been verified in perturbation

theory only to order (a ) and, then, only for the leading
- • S • .

logarithmically divergent contribution in each order. ^Con-

ceivably the "non-leading" contributions in each order in a_
•• . • • - • • • • . S

are different in deep-inelastic and in massive lepton pair

production processes. However, estimates given below in Sec.V

suggest that the non-leading terms in order ag axe negligible}.

It is of substantial interest to check the above conjecture

experimentally. This requires data from deep inelastic processes

of sufficient precision to allow extraction of the structure
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2 2 2 2

functions q(x,Q ) and q(x,Q ) at the same |Q | > 25 GeV

and x*M//i" values at which data are taken in lepton pair

experiments. For the time being, the conjecture instructs

us to regard structure functions extracted from lepton pair
2

data, as in Sec. III.6, as effectively as Q dependent.

Thus, the average sea distribution 0.42(l-x) in Sec. III.6

is one appropriate in the range 5 < Q < 1 2 GeV. That this sea

distribution has a greater intensity at x - 0 than the lower
2 • • ' • • ' •

Q Gargamelie sea is consistent with the QCD expectations

illustrated in Fig.11.

Returning to the three problems mentioned at the start

of ti. .s section, we see that Q dependent structure functions

should indeed be used in the Drell-Yan annihilation formula.

They should be the same ones measured in deep-inelastic reac-

tions. Second, the various constituent scattering graphs
2

drawn in Figs.8 and 9 are not neglected. They generate the Q

dependence of structure functions, and they are automatically

included in the annihilation term of Fig.1 when Q dependent

structure functions are used. Finally, a unique prediction of

QCD graphs, such as those drawn in Figs.8 and 9, is that they

generate relatively large transverse momenta. This leads to

an answer to our third problem, as discussed in the next section,

and relates the size of scaling violations to \ P T ) .
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: V. TRANSVERSE MOMENTUI'l DISTRIBUTIONS

In Section III.A I discussed briefly the available data

on transverse momentum distributions and introduced possible

interpretations. Two contributions to the transverse momentum

(p_) of the lepton pairs may be identified. I label one of

these components the "confinement" piece. Because the quark, .

antiquark, and gluon constituents are confined in an initial

hadron of finite size, they have some distribution in their

transverse momenta k_, with (k^)s 600 MeV, as discussed in

Sec. III.4. When these distributions in k™ for the quark

and antiquark are introduced into Eq.(l), and convoluted as

in Ref.14, the lepton pairs are produced with non-zero { P T ) '

as shown in Figs.3 and 5. The second component of the p_

distribution is the "hard scattering" part. If the constituents

scatter "before" the virtual photon is emitted, as in Figs.4,

8, and 9, the photon emerges with relatively large p_ . In

the hard-scattering approach, the bulk of the transverse momen-

tum of the photon is balanced by a jet of hadrons from the

recoiling quarks or gluons, as sketched in Fig.12. (If asymp-

totically free QCD can also be shown to lead to confinement,

then the two components I have distinguished are really not

distinguishable. Since proof of confinement does not exist,

I will assume that the confinement and hard scattering contri-

butions are physically distinct. They may also be distinguished

experimentally).

1. Confinement. In Sec. Ill, Fermi motion arguments were
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used to estimate that confinement provides \k_)= 600 MeV.

Similar reasoning would suggest that quarks and antiquarks in

the sea have greater values of (k_) than the valence component.

This idea could be tested most directly by a comparison of (pT)

in pN and pN reactions. Because the pN process is dominated

by valence-valence annihilation, we should find ( P T ) £ P
 < (PT) o *

Unfortunately, it is unlikely that data will be available soon

from pN-^pX with values of K > 5 GeV. The reaction irN - mix

is also dominated by valence-valence annihilation at large enough

values of M. However, comparisons with pN reactions are dif-

ficult because confinement estimates are likely to be different

for pion and proton systems. The data indicate that ( P T ) «>

/p_) at the same lepton pair masses and beam energies (at

225 GeV/c, <pT>r>,*1.2 GeV; at 200 GeV/c, <pT>pp = 1.0 GeV, both

for M >4 GeV). Another question concerns the possible x de-

pendence of (kT). This uncertainty translates into uncertainty

about the expected M and x_ dependences of ( P T ) - The simple

factorized form chosen in Eq.(6) is surely not correct, but its

"prediction" that {pT) is independent of both K and x p does

- 2
agree with, for example, the tfp-i-yyX data at 225 GeV, where

(p_) is independent of x ? over the large range 0<x_<0.6.

It would be valuable to have specific predictions from confinement

(bag) model calculations to compare with the data.

One point on which the confinement and hard scattering

approaches differ is in their expectations for the s dependence

of the p- distribution. If both Xj. and M//s are fixed, then

the quark and antiquark longitudinal fractions x^ and x2 are



26

fixed in Eq.(1). Under these conditions, confinement models

should predict that ( P T ) is independent of s. This is not

true in the hard scattering approach, as described below, and

it appears not to be true in the data either ; c.f. Fig.13.
12 132. Hard Scattering Component. ' Because QCD is not a

soft field theory, there is ho cutoff in the model, and (p~)

increases in unbounded fashion with whatever momentum variable

sets the dynamical scale. It is expected, therefore, that

(Pj) should have the form13

Here a and b are functions of the dimensionless ratio M//s.

The function a is the confinement contribution, and the term

bM /log (IT/A ) represents the QCD expectation. The scale para-

meter A of the theory is in the range 0.5 to 1 GeV. The full

M dependence of Eq.(16) requires knowledge of b(M//s) which may

be calculated explicity from OCD diagrams, as shown below. Since
2 1 2

(Pj) is observed ' to be nearly independent of M in the range
5 <M< 12 GeV, b must be roughly of the form (s/K^) in this range

o f M . . . : ' • ' • • • • . . . • . ' '•• • • '

Based on his QCD calculations, Politzer proposed that

quarks and antiquarks be assigned the mean transverse momentum

, Q.09-H
16 log (M2/A2)

with A-0.5 GeV. At Xp-0, x»M//s, and̂  therefore, Politzer's
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approximation for b in Eg.(16) is

b « | ( l - M / / s ) . (18)

At 400 GeV/c and x_ - 0, this prediction provides a curve for

(p_) versus M which r ises almost linearly from 0.7 GeV at

M-.5 GeV to 1.9 GeV2 at M-13 GeV, in clear disagreement with

the data shown in Fig.3{b). Poli tzer 's approximation was based

on an analytic approximation to the QCD graphs, valid only in the

limit x-*-l. Since the data lie in the range 0.2<x<0.5, the disagreement is

not surprising. As described below, a complete nunerical study of the same

graphs leads to more satisfactory agreement with experiment.

Beginning with Eq.(16) and dropping the slowly varying log VT

factor, we may deduce that

<p£>« a+Bs, (19)

where b"*Mo/s is a new function of M//s . We conclude that

at fixed U/T/S the QCD portion of (p£) is predicted to grow

linearly with s. This may be contrasted with the expectation of

a constant (p T) from confinement.

Data available on the energy dependence of (p_.) in lepton

pair production at y = 0 are shown in Fig. 13. The Fermilab data

from 200 to 400 GeV/c show the rise expected in the hard scattering

approach. The ISR data are taken at a different value of M/Js, and

a direct comparison with the Fermilab results is therefore not pos-

sible. However, a rather large variation in the M/vi" dependence of

b in Eq. (19) would be required to accommodate both the FNAL and ISR

results. It will be interesting to see whether the values of (p T)

observed at the ISR increase when greater statistics are accumulated.



28

3. Explicit Calculations. I turn now to an explicit

calculation of the contributions of the hard-scattering

graphs snown in Figs.4 and 8. Graphs similar to those in

Fig. 8 give rise to three-jet events in e+e"*hadrons and in

deep inelastic processes such as yp-*p'X. Here I an inter-

ested in the contribution which the graphs make to the p_

distribution of dileptons in h,h_ * £+Jt"x.

After a sum over the spins of the final quark and of

the two leptons, an integral over the phase space of the

lepton pair, and an average over the initial quark and

gluon spins, the absolute square of the sum of the Corapton

25
scattering amplitudes in Figs.8(a) and (b) is found to be

color

(20)

ic2.'c«i)V« r-
9 qi s L

Included in Eq.(20) is the appropriate factor (1/6) for the

sum and average over color indices. The fractional charge

| c ...| of the quark has the values (fr , \ , i) for the i -

(u,d,s) quarks. The variables s and u are indicated in

2 ' 2 •
Fig.8(a): s«(p +p G) , and u*(p -p ) . I assume that

the quarks and the gluon are massless. The constant a -1/137,
• ' • ' . ' • . ' ' 2 " " • •' ' '

and in this report I fix as«0.3, independent of Q . My

results are not changed in any significant way if I instead

choose og«l/log(Q
2/A2).
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After a sum over final spins, an average over initial

spins, and an integration over the phase space of the lepton

pair, the absolute square of the sum of the annihilation

amplitudes in Figs.8(c) and 8(d) yields

p
color

|f
Again, the appropriate factor (4/9) for the sum over color indices

is included in Eq.(21). The variables t and s are indi-

cated in Fig.S(c); s + t+0->r. Note that the definitions of s,

t, and u differ in Figs.8(a) and 8(c).

The cross-section ds/dM du for the process q.G-<- (s. £~)qj

is obtained directly from Eq.(20) as

dM2du

Likewise, the cross-section for the process q^i^ •*• (£. £~>G

is obtained directly from Eq.(21) as

d 2 d A • / l N 4 l 2

dM2dt \2ltJ 16s2 A

Quark, lepton, and gluon masses have all been neglected in

Eqs.(22) and (23). i;

To find the contribution of the Compton graphs to h,h,-f
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• '•£• A~X, the expression in Eq.(22) must be multiplied by the

probabilities that quark and gluon constituents in the initial

hadrons carry longitudinal momentum fractions x, and x~ »

respectively, and then an integral performed over inessential

variables. I find

In discussing the hard scattering contribution in this report,

I shall ignore the transverse momenta associated with confinement.

I set ^q/ai'^^i^^p and P G / h 2*G(x 2)6(k T 2). Smearing

effects in the p_, spectra associated with the finite values

of (km,) and (k-^/ a^e therefore ignored here. The gluon

probability G(x~) is specified below.

Transforming variables in the integrand of Eq.(24), I find

t h a t ; • ' - ; _ • : ' " . . " - . . • • • - - . . - . - • • • . . . • . • -

(25)

Here P is the c.of.m. momentum of the overall collision

(P>Vs/2), and x is the. fraction of longitudinal momentum

carried by the final unobserved quark. The Eq.(25) may also

be written as .
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2
x.x^dydp-.dx ,

dx-dx-dG - - M -̂I-a (26)1 2 ( X J I 2 *
Combining Eqs.(20), (22), (24), and (26), I obtain the following

c o n t r i b u t i o n from t h e Compton graphs t o h,h«

H_C 3 r dx>,

dM2dp2dy i - l j [x2+p2/p2j%

3 r dx>, _ _ d2o?
X f & ] 2

2 + p /
(27)

In Eq. (27), M, pT> and y are the aass, transverse momentum, and

rapidity of the pair of leptons. Note that in Eq.(27) I include

the contributions of both qG-yq and qG-^yq. T.a f.r:: tar".

of ths equation renresents the process ii "hinli the quark or

antiquark emanates from hadron 1 and the gluon from hadron 2.

These roles are interchanged in the term (1**2). The variables

s-x^X2s snd u in the explicit expression for. d d/dM~du in

Eq.(27) may be reexpressed easily in terms of my chosen set

*T, pT, y and x . This transformation differs slightly for.

the second term (1**2). "The integral over x in Eq. (27) runs

over both positive and negative values of x . With some care,

this integration can be handled well numerically.

For the annihilation process, in which h,h« •• £ £~X via the

process qq*GA i", I derive

dx. f
^ ^ + (1-2) (28)

. A 3 c dx.
,, E l-r-5 T -̂oTT x1q i(x1)x2q.(x2)

^p^dy i - l j [x2+p2/p2j% 1 >• 1 2 1 2
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The first term of Eq.(28) represents the process in which the

quark emerges from hadron 1 and antiquark from hadron 2. These

roles are reversed in the term (i*»2). - • .

Results in millibarn units are obtained after the factor

0.3893 is inserted on the right hand side of Eqs.(27) and (28).

4. Scaling Properties. It is instructive to examine the

behavior of Eqs.(27) and (28) as functions of s and pT- For the

Compton scattering process, after introducing the c.of.m. scattering

angle 6 between the initial quark and final virtual photon, I

reexpress

u - -|(s - M2) (1 - cos 6) , (29)

and

PT ' 27? ̂ " ^ sin6 * * <30)

The scaled transverse momentum x_ is defined as

(31)

Note that sin 6 [or cos 9] is a function of the scaling variables

xT> M/t̂ i", and of x^ and x2 • Rewriting Eq. (29), I obtain

u ~ P T 9 Z% — • (32)

T (§-M2)(l + cos 6)

The Compton scattering matrix element, Eq.(20) may therefore

be expressed as

|AJI2 " \ gc(xT,M/^',x1x2) , (33)

where the function gc depends only on scaled quantities xT>

M/Ss, x 1 and x, • Likewise, the annihilation matrix element,

Eq.(21), may be written as

fAA|2 " \ gA(xT,M//i,x1x2) . • (34)
p T •;'• , " . •" ".•••-. - :•• •-.. : - : •. ' ••' ' r - ' ' : y '• .. •
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Analyzing the Eqs.(27) and (28) in similar fashion, I find that

C •
QO 1 r- * •%.* t /-*• v • / • O C X

and

9dPt ' " T T fA(atT.M//5.y) • (36)
dM^dpjdy szp£

2 2
The factor s in Eqs.(35) and (36) comes from the s factor
in Eqs.(22) and (23). The functions f- and f. depend on]y

• 1/ A

on y and on the scaling variables x T and M//s. Both fc

and fA are regular as p_-*-0.

The Eqs.(35) and (36) show that the Compton and annihila-

tion cross-sections diverge as pi as p_*0. This (infra-red)

behavior is evident in the explicit numerical results shown in

Fig.l4i and I will return to its ramifications below.

In the classical Drell-Yan model discussed in Sees.II and

III, the scaling prediction is of the form:

Classical Model Scaling s2 ^ - fn(M/y^,y) . (37)

dM2dy °

Presumably at fixed small pT> in the region of transverse

momentum where confinement effects control the p T spectrum,

Eq.(37) is replaced by

s2 - ?n(M//i,y,pT) . . . ' (38)

small p T .

By contrast, in the hard-scattering region, where the Compton
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and annihilation processes are dominant, the Eqs.(35) and (36)

demonstrate a very different scaling, form: :

Hard-Scattering Scaling s—=-

large p T

(39)

The s factor of Eq.(38) is replaced by s , and the p T

dependence on the right hand side of the equation enters as a

dependence on x« - 2p_,//s .

The Eq.(39) is a general consequence of the hard-scattering

assumption, and its verification in the data for p«>l GeV is

a critical test of whether the hard-scattering mechanism is

responsible for the "large" values of (p™.) seen in massive

lepton pair production. In the "confinement" or "infra-red"

region of P T<1 GeV, the classical form Eq. (38) may hold.

However, for p_>1 GeV the hard-scattering expectation Eq.(39)

should set in. tests of the hard-scattering prediction in massive

lepton pair production should be cleaner than in high-pT hadron

production reactions because in the lepton pair process the whole

jet is always captured. Absent are the complicated smearing

26
effects associated with the quark decay into hadrons.

The different energy dependences represented by Eqs.(38)

and (39) are illustrated in Fig.15. I have plotted the expli-

cit numerical results of my QCD calculations, which satisfy

Eq.(39) perfectly, as a function of p T > for fixed M//s-- 0.265.

If the QCD explanation is correct, the cross-section s da/dradydpT

in the reaction pN-»-yiIX at M//s - 0.265 and y*0 should

increase by a healthy factor of 3 at p T - 2.5 GeV when the lab
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momentum is increased from 200 to 400 GeV/c. This dramatic

prediction of the hard-scattering approach should be verified

soon. It is not subject to some of the ambiguities discussed

4below associated with QCD predictions for the moments (p.) and

( p T > - .;•:•' . ;

5. Infra-Red Divergence and Comparisons with Data. I now

address two problems which beset all attempts to compare calcula-

tions of QCD processes with experiment. In QCD perturbation theory,

the quarks and gluons are treated as if they are free and can

emerge from their parent hadrons (c.f. Fig.4), whereas in Nature

they appear to be entirely confined. In comparisons with data,

we must deal somehow with the non-perturbative effects which

provide or are associated with confinement, or else seek tests

of QCD which are insensitive to the non-perturbative effects.

As discussed earlier, confinement effects are expected to be

dominant at small values of p_, but they will also cause some

smearing of the p T spectrum at large p_. Second, perturbative

QCD is subject to infra-red divergences analogous to those which

are present in QED. The infra-red problem is manifested in Eqs.

'-2 • ' • '

(35) and (36) by the p_, divergence of the equations. When

the momentum carried by the massless exchanged quark in Figs.6(a)

or 8(c) vanishes (i.e. when the quark goes on-shell) the cross-

section becomes infinite. These twin-problems of confinement

and infra-red divergence in QCD are not unique to the lepton pair

production process. They are also faced elsewhere, for example,
+ — 27

in calculations of jet effects in e e -*hadrons^
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One lesson of the solution of the infra-red problem in

QED is that the divergences are mastered if we deal with cross-

sections defined with suitable energy and angle cutoffs. This

' •• " - •• • • 2 8

presumably will also be true in QCD. When the virtual photon

carries small p_,, events associated with the processes represented

in Figs.4(a) and 4(b) cannot be distinguished experimentally

from those due to Fig.l. At small p_, the final quark in Fig.4(a),

or the final gluon in Fig.4(b), is not outside the region of phase

space populated by the constituents which have stayed behind and

form the debris of the parent hadron h,- The processes in Fig.l

and 4 are not incoherent at small p_,, and it would be improper

to add cross-sections. Coherence effects are important, and one

should deal with a sum of amplitudes—a problem of both infra-

red and confinement complexity as yet beyond the reach of theorists.

The: suitable "energy and angle cutoffs" in the problem of

lepton pair production correspond to a selection of p_ larger

than some critical value. Below that value, cross-sections com-

puted in QCD perturbation theory are inapplicable hot only

because of their infra-red divergences, but also because of the

more serious (and related) neglect of coherence and confinement

effects. When the virtual photon transverse momentum is above

the critical p-., the processes represented in Fig. 4 should dom-

inate over the rapidly decreasing small p_, spectrum associated

with Fig.l.
I add two final remarks before turning to a discussion of

'•' ' 2

my numerical calculations. When an integral is done over p_ ,

the p_ divergence of Eqs.(35) and (36) at small p T gives
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rise to a logarithmically divergent a log (Cr/p"") contribution to

dc/dM dy. This is exactly the scaling violation contribution

in first order in a , discussed in Sec. IV. Second, in a some-

what different hard-scattering approach to massive-lepton pair

12
production, Blankenbecler and collaborators introduce a large

quark mass (~1 GeV). They use diagrams similar to those in

Fig.4, with the gluon replaced by a scalar meson. Owing to the

• • • • ' - 2 -

large mass in the exchanged quark propagator, the p_ diver-

gence of Eqs.(35) and (36j is avoided. While such a large

quark mass is perhaps hard to motivate, the phenomenological

result is to provide a p T distribution without a divergence

near p.^0. The quark mass of 1 GeV plays the role in the

Blankenbecler model of the ~1 GeV confinement cutoff which

I use.

6. Specific Parametrizations and Data. To obtain specific

numerical results it is necessary to choose expressions for the

quark, antiquark, and gluon densities which appear in Eqs.(27)

and (28). For the quark and antiquark densities I use the

structure functions of the hybrid model I presented in Sec. III.6

and in Table 1. As discussed, these functions fit data in the

range M/v's from 0.2 to 0.5 GeV. While only functions of x,

and thus of a scaling form, they are; to be understood as effectively
2 2

Q dependent, valid in an average sense in the range 25 < Q <
150 GeV . Because the structure functions thus include some QCD "cor-

rections" to order a and higher, the Compton and annihilation

cross-sections I present are not purely of first order in a
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but also include some higher order effects. There is no way to

avoid this situation since there is no way to measure structure

functions which do not include QCD "corrections" to all orders

i n : V . '..4,. : • ... • •'.' '• ,, ; .

For the gluon density, G(x) in Eq.(27), I choose

the parametrization

j xG(x) - E-yi (l-x)p , (40)

where the power p is the "only free parameter" of my QCD

calculations. The parametrization in Eq.(40) is normalized so

that 50% of the hucleon's momentum is carried by gluons. To

determine the power p, I require that the QCD model yield a

variation of \P T) which is independent of lepton pair mass M

in the range 5 < M<10 GeV, as is observed in data. This

requirement fixes : p=5 or 6 in Eq.(AO). Higher (lower) powers

of p result in a decreasing (rising) curve of (p£) vs. M.

Th« calculation of (p_) is discussed below. For all results

presented in this report I fix p>6.

Results of my explicit evaluation of Eqs.(27) and (28) are

compared with data in Fig.14. I show data only for the mass

interval 7* 8^9 GeV, but the comparison is qualitatively simi-

l*r in other regions of M. Evident in Fig.14 is the pZ diver-

gence of the theoretical curves at small pT- In the region 1<

p_ <2 GeV, the Compton and annihilation processes have comparable

Mfnitudes; the Compton contribution is dominant at large pT-

The solid curve is*obtained when the Compton and annihilation .
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cross sections are added incoherently. As discussed in Sec. V.5,

below a given critical pT> which I expect tc be about 1 GeV,

the perturbation theory curves are inapplicable. In the region

p- .< 1 GeV, confinement effects which are outside the scope of

the theory should control the experimental distribution and also

remove the infra-red divergence. In the region p T >1 GeV a

comparison of theory and experiment should be meaningful. Two

problems are obvious in Fig.14: the theory curves are a factor

of two or more below the data in absolute normalization; the

shape of the curves may be qualitatively incorrect, showing up-

ward curvature instead of the downward trend of the data. In

the calculation I assume that the initial constituents in the

scattering carry no transverse momentum. It remains to be shown

whether smearing effects in p-, obtained by assigning non zero

(k T) to the initial quark, antiquark, and gluon constituents

improve the agreement of theory and experiment significantly.

The energy dependence of the theoretical distribution is

shown in Fig. 15 at fixed T « M 2 / S » 0 . 0 7 . This value of x is

selected in order that the associated values of K be both

accessible experimentally for laboratory momenta in the Fermilab

and S?S energy ranges, and in the relevant continuum region of

M between the J/$ and T families. As emphasized in Sec. V.A,

the factor of three increase of s do/dXpdKTdp^, at p_ = 2.5 GeV

predicted by the theory is a critical test of the hard-scattering

assumption. In Fig.15 the solid curves result from addition of

the Compton and annihilation cross-sections.
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7. Moments. In the search for theoretical variables and

distributions which are insensitive to the infra-red, confinement,

and other non-perturbative problems of the small p_ region, it

is interesting to consider moments (pS) of the p» distribution.

Owing to the relatively large statistical errors in the data at

large p«, only the first few moments (n-1.2) are meaningful.

In a perturbation approach, it is expected that the cross-

2
section do/dM dy has an expansion i.n a of the types

o ( M , y ) = - ^ co(M,y)+a o1(M,y)+afa2(M,y) + ... . (41)
dM2dy u s l s z

The first term in Eq.(41) represents the basic zero'th order

classical Drell-Yan process of Fig.1. We may also consider the

integrals

/_n do \_ f nj_2/ da
< P T — 5 o>= / P T d P ( ~ ~
x T dM2dydp|/ J T

5 o
dM2dydp|

As in Eq.(41), these have an expansion

dM 2 dydp| / v T dM2dydp|
+ <p

s '

In the approximation in which the hadron coristituants;; parry no.

intrinsic transverse momentum, the first term on the right hand

side of Eq.(43) is sero. The second term on the right hand side

of Eqs.(41) and (43) is provided by the Compton and annihilation

processes, Eqs. (27) and (28). In spjite of the p T divergence

displayed in Eqs.(35) and (36), the second term on the right hand
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side of Eq.(43) is finite for all n > 1. Looking ahead to

the possibility of adding later non-perturbative and confine-

ment effects in quadrature, one is led to concentrate on the

second moment, with n » 2 . We may investigate the finite

ratio R2 defined by

yp
R2 -'

 T - (44)
2 a(M,y)

In this ratio, the denominator is the full cross-section given

in Eq.(41); it is a measured quantity. Formally, we might con-

sider replacing c(M,y) in the denominator of fU by the zero'th

order term co(M,y) of Eq.(41). This would change the value of

R2 only to order o* . Thus, Rj provides a fine definition

ox the first-order perturbative QCD contribution to the moment

Is R- a quantity which is insensitive to infra-red and

non-perturbative problems? It is clear that there is no
• ' • • " ' • • • • . • • ' ' ' • • _ 2 - •

infra-red divergence in the calculation of R-; the p_ behavior
• - ' • • • • - • - • • . - ' • ' " - ' • 2 ' • •of the cross-section is exactly compensated by the p T insertion,

and the integrand is well behaved for all p_,. However, it is

not so easy to dispose of other non-perturbative problems. If

the lower limit of integration in Eq. (42) extends to p_-0, as

is usual in the definition of moments, then some contribution

to the answer necessarily comes from the non-perturbative, confine-

ment region of p.< p~ c r £ C
 a ̂  G«V where the perturbative calcu-

lation is inapplicable. One way to handle this problem would be to

define incomplete moments in which the integral is done only for values
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of p_ > p_ -„-.. s 1 GeV. To make sense this would have to be

done also for the cross-section appearing in the denominator

of Eq.(44). In this report I set this confinement problem aside,

and I adopt IU in Eq.(44) as the proper definition of (p.)

in first order QCD, with the lower limit of integration in Eq.(42)

extended all the way to p T " 0 . .

Recalling Eqs.(35) and (36), we may derive

2 .

C + fA)s - ~ = s-1? (M//S.7) . (45)as <4 ^ o ) .s * T dM2dydp|/
 S

Inasmuch as the denominator of Eq.(44) satisfies the classical
2 • • • . • " • ' - : • • •

scaling property s o(M,y) - fQ(M/y'iiy), I conclude that

• . 2 • • • • • • • f V ( M / V s . y )

<PT>QCD•-. B2 * s: fo(M/4.y> • (46)

This linear growth of \?WQCD witl1 s at fixed M/^s was

discussed above on more general grounds. The present analysis

provides specific (model-dependent) predictions for the coeffi-

cient b in the general formula {p£}« a+ bs.

The results I obtain for {PWnCD are snown as a function

of mass in Fig. 16 for the reaction pN-^uuX at 400 GeV/c and

y»0. For M» 7 GeV the Compton and annihilation processes each

provide ( P £ ) Q C D * 0.4 GeV
2. As shown in the figure, the sum of

the two QCD processes yields a curve of (pT) which rises rapidly

with M, flattens off in the range 5 <M< 11 GeV, and then begins

to drop as M is increased further. As remarked earlier, the
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• 7 »

shape of the Compton contribution to (PT/OCD V S " M i s

influenced by the choice of the power p in Eq.(40). If I .':

select powers smaller (larger) than my value p =6, the Gompton

contribution in Fig.16 will rise faster (fall faster) with M

than the result I have shown. The shape of the annihilation

contribution in Fig.16 is fixed since the structure functions

q(x) and q(x) are both fixed.

To my knowledge there are no other empirical determinations

of the power p of the gluon distribution. If this QCD analysis

of the M dependence of (pT) is accepted as a relevant con-

straint •, the power p = 5 or 6 is determined for the first time.

This power places the slope in x of the gluon distribution

somewhere between those of the valence and sea quark distribu-

tions, which seems reasonable.

The net QCD contribution illustrated by the dotted line in

Fig.16 represents only about one-half the experimental value of

{pT) at 400 GeV/c. To reproduce the data in the range 5 < M <

10 GeV, it is necessary-to add -1.04 GeV to the QCD contribu-

tion. This addition may be associated with the non-perturbative and

"confinement" contributions which I set aside above. Thus, I write

The confinement portion may depend on the ratio (M//s) but should

be otherwise independent of s. In this report I take it to be

a pure constant. The result of the addition of the QCD and con-

finement effects is shown as the solid line in Fig.16. ;
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The test of these QCD calculations and speculations lies

in the energy dependence of {pT)« In Fig. 17, I provide my
o • • - • "

expectations for (PT)OCD
 in t*ie F e r m * l a 0 a n d SPS energy range.

A rather flat behavior is obtained for the dependence of (pT)

vs. M at all energies- The slope b which I calculate in the

expression {pT) ̂  a + bs is shown as a function of M//s in

Fig. 18. It has a maximum value of b = l.lSxlO"3 GeV"2 for

M//s = 0.3. The results,of my explicit calculation of b(M//s)

do not resemble the analytic form (l-M//i) guessed by Politzer.

His form is valid perhaps in the neighborhood of M//s»l.

At a value of M//s«0.1 typical of the ISR energy range,

my slope is b = 0.74xl0~3 GeV" ... Thus, at /s»52 GeV and

M//s« 0.1, I predict <p£)ISR» 1.04+2.00 33 GeV
2, and ( p T ) I S R

K

1.4 to 1.5 GeV. These predictions are about 50% higher than

the ISR data shown in Fig.13. It is Important to confirm the

ISR measurements with' data of higher statistics.

A semi-empirical method may be adopted to obtain the first

moment (p,jA, The experimenters ' report that their data are

well fitted by the expression

-3 "v"' V* " Tot (48J

where the value of X changes with energy but not with M. This

fit implies that for all X . • •

<PT> « f g <P?>
% -0.859
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Starting with my results for (p_) = 1.04 + {PT)QCD *
 anc* us*

the "experimental" Eq.(49), I derive the values of p_, shown

in Fig.19. The agreement with the data at 400 GeV is excellent

(by construction). The new feature of Fig.19 is the prediction

of (pT)tiv ~ 1-03 GeV at 200 GeV. This is in fine agreement with

the experimental value of < p T ) = 1.00 ±0.05 GeV. This com-

parison suggests that the QCD graphs reproduce the energy depend-

ence of {p>p) very well, and it encourages more precise tests

of the energy dependence predicted by the model, as illustrated

in Figs. 15 and 17.

It is relevant to ask whether the value 1.04 GeV is a

reasonable amount of (p_,) to assign to "confinement" effects. .

Apportioning it equally between the two initial constituents,

I find that each constituent carries (k£)=0.52 GeV2. This

implies \kT) - 600 MeV per constituent, similar to the value

which I suggested earlier should be provided by the fermi motion

of quarks within a hadron. The value 600 MeV is also approxi-

mately the mean transverse momentum of p mesons and of "clusters"
• - . . . ' " . . - - • • •. • •• 2 9 •

produced in inclusive hadronic reactions. Finally, it is

approximately the amount of internal transverse momentum which

is assigned to the constituents in attempts to fit details of
26

high py hadronic data. In view of these arguments, the value
o f ^confinement = 1-0* GeV2 does not seem too large.

Although I have discussed monents at some length, I believe

that they do not provide a sensible test of QCD perturbation

calculations. The answers in both the data and model calcula-

tions are much too influenced by the non-perturbative region
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where p T < p T - - 1 GeV. If one is in need of a single

parameter for confronting theory with experiment, then per-

• • 2 ' 2 ' ' '•
haps it is best to fit da/dMdydpT to a simple form, say

exp(-ApT), for P T > P T cr£t» and to discuss the dependence

of the'slope A on M, s, y, and xp. I would be glad to

supply interested readers with relevant predictions.

8. Antiproton Reactions. The reaction pp •* Z 9,~X serves

in many respects as the cleanest test of the classical Drell-Yan

mechanism. At large M, the cross-section is dominated by valence-

valence annihilation, and it therefore measures the valence quark

distribution almost directly. Shown in Fig.20 are the scaling

cross-sections I compute with my structure functions for both

pp -> Jl £~X and pp' •*• SL £~X. The computation of the transverse

momentum distribution of the lepton pairs produced in pN

reactions proceeds along the same lines as for pN processes.

In Fig.21, I present the first order QCD (Compton plus anni-

hilation) contribution to ( P T ) f°
r pN-»• ppX at 400 GeV/c

, and y = 0. In the pN case, the annihilation process qq-<• Gyp

dominates, and the Compton process qG + qyy contributes a negli-

gible portion of (PT^OPD* Thi-S situation may be contrasted

with the pN case in Fig.16 where Compton and annihilation con-

tributions are comparable. The results in Fig.21 suggest that

transverse momentum effects in pN reactions are almost totally

insensitive to the gluonic distribution. This provides another

argument for the study of lepton pair production in antiproton

collisions. Both the integrated cross^-section and the trans-

verse momentum distributions are controlled by valence-valence
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annihilation diagrams.

The magnitude of ( P T ) Q C D ^ o r PN reactions is comparable

to that of (pj) for pN collisions (c.f. Figs.16 and 21).

I have not been able to trace the source of speculations that QCD

predicts otherwise. In my results, ( P ^ Q C D > (pT^QCD f o r
T'QCD

M < 9 GeV. Above M > 9 GeV, (p^) p N becomes larger, but this

latter effect is sensitive to the choice of the gluon distribu-

tion. In attempting predictions for pN data, one must add a

confinement contribution to the results of Fig.21. Since the

confinement portion of (p T) is not "understood", I have no

reason to believe that the same value of 1.04 GeV deduced

from the pN data should apply also in the pN case.

Just as in other branches of strong interaction phenomenology

the chance to compare results from pN and pN processes in

lepton pair production would aid our theoretical understanding

considerably. . . - . . ; . ' •

9. Dependence on Xp. In Fig.22 I present the calculated

variation of (PT)OCD exPected 1i*en ti16 longitudinal momentum Xp of the

lepton pair is varied. Results are shown for both pN ->• yuX and

pN •* miX at 400 GeV/c and M= 5 GeV. In the pX case the Cotspton

and annihilation contributions are about equal for the values of

x-p shown; this breakdown is not presented here. To compare the

predictions in Fig.22 with data, one must add a contribution

for the confinement effects. This was found to be 1.04 GeV .in

1 2 \
pN collisions at Xp* 0. The observation that \pt) seems

to be independent of x p in the narrow range of available accept-
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ance 0<x F<0.2 in pN collisions suggests that the confine-

ment contribution may rise slightly with increasing Xp. However,

here again, I stress that (p T) is not a suitable variable for

tests of QCD. This objection is especially relevant, when the

calculated values of ( P T ) Q C D £ 1 GeV. The entire answer is

dominated by values of p™ < p~ . ^1 GeV where the perturbative

calculation should not be used. It would be best to compare

data directly with calculations of da/dM dxpdpr; for values of

^T ^T.crit "

10. TTN Collisions. A wealth of data will soon be available

on lepton pair production in u"N reactions. Once the structure

functions q(x) and q(x) appropriate for the pion are deduced

from these data, predictions for the transverse momentum spectra

will follow readily.
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VI. IMPLICATIONS AND CONCLUSIONS

Observation of the intermediate vector bosons, W^ and

Z , the mediators of weak interactions is one goal of high energy

experimentation which seems almost within reach. The classical

Drell-Yan mechanism has been used to provide estimates for W

and Z- yields. New structure functions deduced from the most

1 - 7-9

recent data on pN->uuX and scaling violations modify these

predictions somewhat. However, the rather large values predicted

by QCD for { p T ) w would seem to have the most substantial impact

on the design of experiments. Values of the slope b shown in

Fig. 18 can be used to provide the expected values of ( P W W at

energies at which ISABELLE or the ENAL collider may operate. For example,

for pp collisions of 400 GeV/c on 400 GeV/c (/s = 800 GeV), and

for M w=60 GeV (My/Zs =0.075) , b = 0.575 x 10"
3. Consequently,

(p T) w - 368 GeV , and (p^,)w = 17 GeV. At energies of the proposed

CERN pp collider,31'32 /i = 2x270 GeV, with

calculate b =0.79x10~ 3 GeV~2, and b- = 0.89x10"3 GeV"2.
PP PP

Therefore, I predict

and

<PT>W. P P ~-
 2 3 0

(PT>W,r- - - W G e V ..PP

Likewise,

<PT>W,pP -
 2 6 0 G e V '

and

(PT)W,PP ~.



Obviously a considerable extrapolation has been made in energy

to obtain these QCD predictions. The only basis for confi-

dence in them is the fact the theory appears to reproduce

data on (pT) in the Fermilab energy range of 200 to 400 GeV/c.

Restoration of the log(M /A ) factor which I neglected after

Eq.(16) would reduce my estimates slightly. On the other hand,

experience with the T suggests tnat resonances are produced

with larger (pT) than the neighboring continuum.

A favored method for observing the W is to detect a sharp

peak at Mr,/2 in the single y inclusive momentum spectrum.

The peak signals the decay W-*uv. Once (P<T-)™ exceeds ~10 GeV

as I predict, this expected peak is substantially washed out,

and other more difficult experimental methods to establish the
31 32

W may have to be employed. '

There are many questions I have not addressed in this report

which are nevertheless of considerable interest. Predictions

have been made for various properties of the hadrons produced
33in association with a massive lepton pair. The successful

use of quark and antiquark distributibh functions to explain
• . • • • . • • • ' • • ' • . . • • ' 3

the x dependence of the inclusive hadron yield Eda/d p at

small p T also deserves further study. Polarization pheno-

35

mena in constituent scattering processes may yield new in-

sight into the dynamics of quarks and gluons.

Massive lepton pair production has become an industry on

its own. It provides tests of several important;aspects of the

parton model of interacting quarks and gluons. Now that the
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scaling predicted by the classical Drell-Yan model seems verified

in the data, it is time to identify the scaling violations pre-

dicted by QCD. the process pN-> uiix serves to specify the
• • " ' • • • • ' ' 2

average sea quark distribution in a region of Q much higher

than reached so far in inelastic neutrino reactions vN •* yX.

To the extent that one accepts a QCD analysis of (pT) in pN -*•

ppX, the average gluon distribution is also determined by this

reaction. In Sec. V, I described in some detail the QCD approach

for explaining the transverse momentum distribution of lepton

pairs. The data from Fermilab on (p T) can be accommodated in

a QCD calculation if we add an energy independent "confinement"
2contribution of 1.04 GeV to the perturbative QCD prediction.

It is desirable to understand this non-perturbative confinement

portion in more detail. I mentioned a few important tests of

the QCD calculation. In rough order of importance, I suggest:

1) verify the energy dependence predicted in Fig.15;

2) extend the data in Fig.14 to higher p T to see whether

theory and data diverge or converge;

3) obtain high statistics data on (pT) and (p^) at ISR

energies;

4) verify the energy dependence displayed in Fig.17;

5) obtain data on pN -* uuX; and .

6) understand the Xp dependence of the p_ distribution,

both the; confinement and QCD 'portions.
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TAB1E 1

A. F ie ld and Feynnau Model

xf(x)

xf(x)

g(x)

a0
al

a2
a3
bo
bl
b2

b3

xu(x)

< l - x ) 3

161.579

225.327

70.699

6.761

-177.909

-230.510

-52.427

-1.371

Cfc(x) = <

xd(x)

( 1 - x ) 4

-3.175

-2.937

1.082

0.674

5.607

2.63^0

-2.288

-0.247

:os(k cos""

xs(x)

( 1 - x ) 8

0.10

0.0

0.0

0.0

0.0

0.0

0.0

0.0

<2x-l>)

xu(x)

<I-x>10

0.17

0.0

0.0

0.0

0.0

0.0

0.0

0.0

x3(x)

(1-x)7

0.17

0.0

p.O

0.0

0.0

0.0

0.0

0.0

xs(x)

(1-x)8

0,10

0.0

0.0

0.0

0.0

0.0

0.0

0.0

3. Hybrid Model

Derived from the Field-Feynman Model by the substicutions(for

each species.- u.d.s)

xq(x) - 0.42U-X)9

xq(x) = +0.A2(l-xy



54

REFERENCES

1. Columbia-Fermilab-Stony Brook Collaboration, R. Kephart,

Proceedings of the 3rd International Conference at Vanderbilt

University on New Results in High Energy Physics.

2. Chicago-Princeton Collaboration, K. J. Anderson, ibid.

3. S. D. Drell and T. M. Yan, Phys. Rev. Lett. 2_5, 316 (1970);

Ann. Phys. (N.Y.) 66, 578 (1971). For a recent discussion

of the subject, consult the review by T. M. Yan, presented

at the VIII International Symposium on Multiparticle Dynamics,

Kaysersberg, France, June, 1977.

4. D. Antreasyan et al Phys. Rev. Lett. 39, 906 (1977).

5. J. H. Cobb et al, Phys. Lett. 72B, 273 (1977).

6. D. M. Kaplan et al, Phys. Rev. Lett. 40, 435 (1978).

7. I. Hinchliffe and C. H. Llewellyn Smith, Phys. Lett. 66B,

281 (1977) and Nucl. Phys. B128, 93 (1977).

8. N. Cabibbo and R. Petronzib, CERN report Ref. TH. 2440 (1978).

9. J. Kogut and J. Shigemitsu, Nucl. Phys. B129, 461 (1977).

10. A goldmine of information on the past, present, and future

of experiments on lepton pair production at Fermilab, CERN-

SPS, and CERN-ISR energies is the CERN report ISR Workshop/

2-8 (October, 1977), edited by M. Jacob. For a review of

the experimental situation as of the Summer of 1977, consult

the paper by M.J. Shpchet, Univ. of Chicago report EFI 77r66,

presented at the SLAC Summer Institute, July, 1977.
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FIGURE CAPTIONS

1. Basic Drell-Yan quafk-antiquark annihilation mechanism

for lepton pair production in hadronic collisions, illu-

strated here for luĥ -*-niiX; q and q denote respectively

a quark and an antiquark constituent.

2. ISR data from Ref.5 are compared with a scaling curve obtained

from the hybrid model described in Section III.6. The model

is constructed to fit lepton pair data at p, , * 400 GeV/c,

y»0, and 0.2 <M//s <0.5.

3. The first two moments (a) (pT) and (b) (pT) of the transverse

momentum distribution of rauon pairs produced in pp->• (pji)X

at 400 GeV/c and y*0 are shown as a function of the mass

of the muon pair. The data are from Ref.6. The theoretical

curves are calculated from simple models in which the initial

quarks and antiquarks are assigned a distribution in their

transverse momenta. The two models (Gaussian and exponential)

are described in the text.

4. (a) Diagram which illustrates the scattering of a quark and a

gluon constituent to produce a lepton pair and a quark (which,

in turn, fragments into a jet of hadrons). (b) Quark-antiquark

scattering to produce a lepton pair and a gluon jet.

3
5. The inclusive yield of muon pairs Edcr/d p shown as a function

of p_ for 5<M-<6GeV, at y-0 and 400 GeV/c. The

data are from Ref.6. The theoretical curves are obtained

from simple models in which the initial quarks and antiquarks

in the hadrons are assigned a distribution in their trans-

verse momenta k_. In one model, this distribution is chosen
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to be an exponential in jkT| with ( jkTJ )» 0.8 GeV; in

the other, a Gaussian is chosen with (jk_| ) *0. 86 GeV.

Tiie iv"'.distribution in the d.̂.ta at other valuer, of mass

(not;; shown) is also described equally well with these models.

6. Predicted p_ dependence of the coefficient a in the

t channel angular distribution da/dfi « [l +at cose ] for

lepton pairs of mass M=5.5 GeV produced in pN-»-JS, £ X

at 400 GeV/c and y~0; pT is the transverse momentum of

thea l~ pair. The two models used a** described in the

text.

7. Cross-section d2o/dMdy for pH-t-ypX at 400 GeV/c and

y = 0 shown as a function of the lepton pair mass M. The

data are from Ref.6. The dashed curve is obtained from

the Field-Feynman structure functions, Ref.18. In the cal-

culation, N = 60% protons and 40% neutrons. The solid curve

is a fit to the data obtained from the hybrid model described

in the text.

8. First order processes in the strong coupling constant a .

Diagrams (a) and (b) represent quark-gluon Compton scattering

to yield a quark and a virtual photon. Diagrams (c) and (d)

represent quark-antiquark annihilation into a gluon and a

virtual photon.

9. Some second order processes which contribute to the production

of massive virtual photons. .

10. Diagrams in deep inelastic electron scattering.

a) Classical quark model diagram in which an exchanged photon

scatters from a auark constituent in the hadron N.
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b) The first order contribution in which vq-*qG, where G

is a gluon.

c) The first order contribution in which the exchanged

photon scatters from a gluon in the target to yield

quark and antiquark systems in the final state.

11. The x dependence of the gluon and sea parton distributions

in a proton expected for different values of Q according

to QCD. This figure is adapted from Hinchliffe and Llewellyn

Smith, Ref. 7, with the scale parameter A -=0.5 GeV .

12. Ir. part (a), the process is shown in which h,h, * MMX vis

the constituent scattering process qq -*• yG. The transverse

momentum of the y is balanced by a gluon jet. In (b) the

c.of.m. distribution of particles is shown in the final

state. The dashed line indicates the longitudinal axis of

the original collision. The forward and backward jets re-

present debris from the incident hadrons h, and h,. A

jet of hadrons from the gluon dissociation is roughly back-

to-back with the virtual photon.

13. ISR and Fermilab data on ( P T ) are shown as a function of

lab momentum. The FNAL data (from Ref.1) are from the reaction

pN •*• ppX and are an average over the range 0.2 <M//sF< 0.4.

The ISR data (Ref. 5) are from pp>e e~X and correspond to

M//I = 0.1.

14. Data are shown from Ref. 6 on the p T distribution of pN -»•

MUX at 400 GeV/c and y*0 in the dimuon mass interval

7 i M ^ 8 GeV. Shown also are calculations of the QCD expecta-

tions for this distribution. The theoretical curves are

obtained from an evaluation of Eqs. (27) and (28) of the text.
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3An integral was also performed over M to yield Eda/d p.

The curves are normalized absolutely; o =0.3. The solid

curve marked "total" is obtained from an incoherent addition

of the Compton and annihilation contributions. Indicated

by cross-hatching is the critical p T=1 GeV below which

the perturbation calculation is inapplicable, as discussed

in Sec. V.5. The comparison of theory and experiment is

similar for other values of M (not shown).

15. Theoretical results on the energy dependence expected if

QCD processes dominate the reaction pN + yjiX. Curves are

presented for three values of lab momentum in the Fermilab

and CERN-SPS energy range and for one ISR momentum value.

At all energies, T = M 2 / S = 0.07, and x = 0.

16. Shown are values of (pT) computed according to the defini-

tion given in Eqs. (44) and (46) of the text. The short

dashed line illustrates the value obtained from the annihi-

lation process qq-*-Gpp, and the long dashed line represents

the contribution of the Compton process qĜ -qpjI. The

dotted line is the net QCD contribution to (p»r) t o fi-rst

order in a ; it is obtained by addition of the Compton and

annihilation portions. The solid line is obtained from the

"net QCD" curve by addition of the constant confinement con-

tribution 1.04 GeV . The data are from Ref.6. All curves

are calculated for the process pN-j-.lt fc~X at p^ ̂ =400 GeV/c

and y = 0. In this paper N is composed of 60% neutrons

and 40% protons. .
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17. The first order (Compton plus annihilation) QCD contribution

to (pT) is shown as a function of M for the process

pN •+ vvX at y = 0 for three values of lab momentum.

18. In the expression (p T) =a+bs, the slope b computed

from the first order QCD graphs is shown as a function of

M//i. These slopes can be used to obtain predictions for

<(pT) at various lab energies and lepton pair masses.

19. Shown are expectations for the mean transverse momentum

(pT) of lepton pairs produced in pN^-piiX at y = 0 and
plab = ^®® an<* **®® GeV/c. The curves are derived from

Eqs. (47) and (49) of the text.

20. Estimates of the lepton pair yield in antiproton-proton

collisions are presented as a function of M//i at y = 0

and are compared with yields in pp collisions.

21. A prediction of the first order QCD expectation for {pT)

in antiproton-nucleon collisions at 400 GeV/c and y = 0

for various masses of the lepton pair. Shown also is the

breakdown of the answer into the contributions from the

Compton and annihilation processes shown in Fig.4.

22. A prediction for the dependence of {P«P)OCD o n fc^e ^onSi-

tudinal momentum fraction Xp of the. lepton pair in both

pN and pN collisions at 400 GeV/c and at the lepton pair

mass M = 5 GeV.
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