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ABSTRACT

A discussion is presented of issues of current importance

in the theory and phenomenology of massive lepton pair pro-

duction in hadronic interactions. I emphasize the relevance

of higher-twist inverse-power terms for all constituent

scattering processes.
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I. INTRODUCTION

The basic approach for describing massive lepton pair

production continues to be based on the parton model picture

1 2sketched in Fig.l. In this classical Drell-Yan model, '

a quark of a given flavor from one of the initial hadrons

is presumed to annihilate with an antiquark of the same

flavor from the other hadron. The intermediate massive

virtual photon decays into lepton pairs. The hadronic

origins of the initial constituents are essentially ignored.

The quark and the antiquark are assumed to be on-shell,

massless, spin-Js constituents. Their momentum distributions

are presumed to be identical to those measured in deep-

inelastic lepton scattering. Predictions derived from this

simple parton picture have been catalogued in many places.

I shall limit myself here to four of the salient of these

(scaling, p spectra, absolute normalization, angular distri-

butions) and shall compare them with excellent data presented

3 4 5earlier at this conference and elsewhere. ' ' As discussed

in Sec.II, the classical model has its shortcomings.

Theorists have also been busy over the past few years.

Within the context of quantum chromodynamics (QCD), various

"higher-order" and "higher-twist" terms have been computed.

These effects alter theoretical expectations significantly

in some cases, and may explain the discrepancies between

data and the classical Drell-Yan picture. In Sees.Ill and IV,

I shall review some of the pertinent aspects and predictions

of the higher-order and higher-twist amplitudes.



II. SOME EXPECTATIONS, SUCCESSES, AND FAILURES

OF THE CLASSICAL MODEL

1. Scaling

According to the basic parton model, the cross-section

for hN •> pyX should obey the simple scaling rule

4
M d ° = f (M//i\ x j , (la)2 = f (M//i\ x j

jt

and the data behave as expected. ~ However, the prediction

has really not been tested severely. For 0.2 <M//s <0.5,

Fermilab pN data satisfy the expectation within 10 to

20% for 200<PT < 400 GeV/c and x_ near 0. Because

deviations from exact 4caling are perhaps only logarithmic

in s at fixed M//i~ and x,,, it is necessary to compare
, F

data over a wider interval in s. Unfortunately, ISR data

tend to be confined to values of M//s" < 0.2, eliminating the

chance to make direct comparison with the FNAL results. The

interval in M//s near K//s = 0.2 at x_ = 0 is also one

for which scaling violations {i.e. explicit dependence on

s at fixed M//s and >: ) are not expected to be large.

Indeed, in deep-inelastic lepton scattering experiments, the

structure functions are observed to show little explicit
2

Q dependence near x_ . <0.2. Relatively large effects areBJ

observed at larger x_., and for x <0.2. Theoretically,

scaling violations associated with either higher-twist or

higher-order gluonic radiation effects should be most pro-

nounced at large x.. Thus, to observe significant departures



from scaling, it is necessary to obtain massive lepton pair

data which extend into the large x. region of the constituent
2

structure functions (M /s -x.x , x = x. - x _ ) .

Spectra

In the classical model, the transverse momentum distri-

bution of the massive lepton pair is provided by the ("pri-

mordial") transverse momentum fluctuations of the constitu-

ents in the initial hadrons. Therefore, <PT> - should

be independent of incident energy s and "small". Here,

"small" denotes a size typical of scaling hadronic processes,

2
i.e. ~300 MeV. In contrast, the observed values of <p_]> -

at fixed M//s grow with s, and the relationship

2 3 4
fits the facts. ' ' Moreover, at energies typical of the

2 2

SPS and Permilab, <PT> - - 2 GeV . The larqe energy dependent

values of <PT> - are a clear indication that the classical

model must be superceded. Higher-order gluonic radiation

diagrams supply a qualitative interpretation of the behavior

of the p spectra. However, there are significant quanti-

tative problems for the QCD explanation, associated in part

with the interplay of the gluonic radiative and higher-twist

terms (including off-shell effects, and "primordial" k

contributions). These issues as well as confrontations with

data are discussed in my ORBIS SCIENTIAE review.

3. Absolute Normalization

In the classical model, if the quark and anti-quark



structure functions have been determined from measurements

of deep-inelastic lepton scattering, then the absolute

normalization is predicted for o (pN ->• pyx) . This prediction

appears to fail by roughly a factor of K = 2 , with o ^
exp

2a , . ,. As discussed by Decamp in his presentation

at this meeting, the discrepancy is true for TT~N, TT N,

pN, K N, and pN processes. I have certainly no vested

interest in restoring the classical model, but I doubt that

we have heard the final word on this issue of the K factor.

Experimentally, the factor of K is tied up with the

A dependence of the cross-section. The highest statistics

data are obtained from interactions on heavy nuclei such as

Platinum with A=195, and an extrapolation is made to the

cross-section o per nucleon at A =1. The NA3 group

has a sample of data from n~H_ interactions, ~600 events

with M - > 4.1 GeV, which they compare with the TT Pt sample

of 21,600 events. They conclude that a =1.03 +0.03 if

they fit to a = o A . I imagine that a is a function

a(M, x F ) , as is a , but 600 events probably do not permit

a detailed study of this variation. Although the value of

•J. is determined only for TI~N collisions, the NA3 group

uses the same value of rx to extract a for their other

processes as well. The NA3 value agrees with the determination

of a=1.02 ±0.02 in pN processes by the Columbia-Fermilab-

Story Brook collaboration, but disagrees with the value
4

a=1.12 ±0.05 found by the Chicago-Illinois-Princeton group
(TT~N) . If a ~ 1.1, then aQ is reduced by roughly the



required factor of 2.

The study of A dependence as a function of M//s and

x is of interest in its own right and should be pursued.

For the question of absolute normalization, it would be best

to obtain a significant sample of events on hydrogen, espe-

cially in proton-antiproton processes. It is suggestive that

in their study of the n~H data at 200 GeV/c, the NA3

group finds that there ma_y_ be a strong M dependence of the

K factor, with K - 2.4 for M= 5 GeV, but consistent with

unity at M -- 8 GeV.

There is a different way to present the discrepancy in

absolute rate. According to the classical model, the cross-

section for pN -> ijfix is proportional to a convolution of the

quark and anti-quark distribution functions. If we take the

relatively well determined quark distribution functions from

deep-inelastic lepton processes, ther the classical model

formula and the pN •<• ̂ px data can be used to measure the

anti-quark content of the nucleon. This determination of

the ocean can be compared with that from studies of VN •* UX

and vN+Hx. The comparison is shown in Fig.2. We note

that the neutrino data and the hadron data tend to probe the

ocean in different intervals of x and |Q |. However,

near x --0.2, where the |Q | values also overlap, there

is as much as a factor of two difference in absolute normali-

zation.

Is the discrepancy due solely to the ocean? Probably

not. Indeed, the NA3 group finds that the factor K = 2.15 + 0.4



for pN + MMX at 150 GeV/c. The pN process is dominated

by valence-valence interactions. Unfortunately, the u de-

pendence has not been measured directly for pN processes.

As I'll discuss in Sec.Ill, the factor K-2 may be a

welcome development. Large next-to-leading order QCD radi-

ative corrections have been calculated for the Dreil-Yan

process. If it can be shown that these large terms do not

invalidate the use of a perturbative expansion in QCD, then

the K factor may be hailed eventually as a triumph.

4. Angular Distributions

Annihilation of on-shell spin-Jj massless quarks and anti-

quarks in the Drell-Yan process leads to the unambiguous pre-

diction that da/dcosO <* (1 + ;icos 6) with a 5 1.* Here 9 is

measured in the uu rest frame; it is the polar angle of the

outgoing p with respect to a z direction specified by the

collinear q and q axis. Only hadron directions and not

q (or q) directions are measured, of course. Thus, some

deviation from a = 1 is expected, associated with the primor-

dial k fluctuations of quarks and antiquarks in the initial

hadrons. If the incident beam direction is chosen as the quanti-

zation axis, then a reduction to >x ~ 0.8 is a reasonable

estimate of the effects of primordial k . Experimentally,
2

the expectation dcr/dcosO "- (1 +«cos 6) with a - 0.8 is well

verified for data integrated over all x or over all p .

However, for :;~N -•• M£X, both the Chicago-Illinois-Princeton
5

and the CERN NA3 groups have shown that a decreases system-

*
It is regrettable that the same Greek letter u is used for
A dependence and for angular distributions.



atically as x approaches 1 or as p grows. Thus,
2

the classical expectation of da/dcosG « (1+cos 6) is borne

out only for small p and small x of the massive lepton

pair. As either p T or x grows, the data show that the

massive virtual photon prefers to be polarized longitudinally.

Data on the azimuthal angle variation would be welcome.

The data on angular distributions are thus a third

piece of evidence against the classical model. Both higher-

twist and higher-order QCD terms lead to deviations of ^

froir, unity. The higher-twist effects are important at

large x whereas the higher order contributions grow in

importance as p_ increases. I present a treatment of higher-

twist effects in Sec.IV.



III. WHAT HAS QCD DONE FOR DRELL AND YAN?

As stated in the Introduction, the classical model

is equivalent to the premise that the only important ampli-

tude is that in which an on-shell, spin-J^, massless quark

annihilates with a similarly on-shell, spin-^, massless

antiquark, as in Fig.3(a) or Fig.4 (a). Physics, as embodied

in part in QCD, argues that other processes may also contri-

bute significantly. These other processes are of two classes:

higher-order and higher-twist.

1. Higher-order

Some of the higher-order processes are sketched in

Fig.3(b) - (h). The massive lepton pair (y) may be produced

through an interaction between a quark constituent from one

hadron with a gluon constituent in the other. A few of these

possibilities are shown in Fig.3(b), (c), (g), and (h).

Likewise, the quark-antiquark interaction may result in the

production of one or more gluons in addition to the massive

lepton pair (e.g. Fig.3(d) and (e)). Massive virtual photor.:s

may be produced in a quark-quark collision of type qq - qq~) ;

one such case is shown in Fig.3(f). This whole class is

labeled "higher-order" for obvious reason. The term gluon

radiative correction is also used frequently to include all

the higher-order processes in which there is a gluon in the

initial state, Figs.3(b), (c), (g), (h), or in which a

gluon is emitted in the final state (e.g. Fig.3(d) and (e)).

The examples sketched in Fig. 3 are, of course, hardly-

exhaustive.
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A great deal of study ' has been devoted to diagrams

such as sketched in Fig.3, not only for the Drell-Yan process

but for other constituent scattering reactions including

deep-inelastic lepton scattering, e e~ annihilation, and

hadronproduction at large p . Indeed, gluonic radiative cor-
2

rections provide logarithmic scaling violations in Q about

which we have heard so much in deep-inelastic scattering,

and diagrams such as those sketched in Fig.3(b) and (c)

supply the three jet events in the annihilation process

e e~ -• hadrons .

In the Drell-Yan process, the higher-order diagrams
2

sketched ir. Fig. 3 affect all theoretical expectations.

For example, the possibility of a gluon recoil such as shown

in Fig.3(d) and (e) allows the massive virtual photon (y)

to be produced at large p , with (p >°:s. In Figs. 3 (b) and

(c), the quark recoil balances p . Second, just as in deep-

inelastic lepton scattering, the gluonic radiation diagrams

generate scaling violations. Thus, Eq.(la) is replaced by

M4do

dM2dx,,
r

fs' V s) •

Third, the angular distribution in the lepton pair rest
9

frame is changed. As p_, grows at fixed x_, the angular

distribution da/dcos8 is changed from (1 + otcos 6) with

a =1 to one in which a -0. Finally, the overall normali-

zation of the massive lepton pair cross-section may be

altered significantly. This last issue is the subject of
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considerable recent debate and deserves a few comments.

After integration over transverse momentum, the cross-

sections supplied by the various diagrams in Fig.3 may be

2 2 2
expanded in a power series in g Jin Q , where a =g /4TT. Thus,

a ( b ) ,
(3)

, (e)

a s C
2 ]

Here, qQ(x.), q (x.), and G (x.) are the quark, antiquark and

gluon momentum distributions determined at some reference value

2 2 2 2
of Q Q = M '• C and C are independent of Q = MUJJ.

If we retain only the leading logarithmically divergent

2
contributions in Bqs. (3) for each order in g and sun to all orders,

then the resulting sum collapses into a cross-section with

the usual Drell-Yan form, but for one simple replacement:

the quark and antiquark structure functions become explicit

2 2

non-scaling functions of Q . Moreover, these new Q

dependent structure functions are identical to those measured

at |Q I in (spacelike) deep inelastic lepton scattering.

At the leading log level, therefore, QCD predicts that

the absolute normalization of h N ->• pyX should be exactly

that specified in terms of structure functions from deep-

inelastic reactions, with K = l, not the value K 5 2 observed

experimentally (c.f. Sec.II). Surprises come at the next-to-
2

leading-log level, however. In order g , the next-to-leading
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log terms are those proportional to C^ and C^ in Eq.(3).
1 a.

Explicit calculations show that C^ is proportional to v

and is numerically large. Even though the next-to-leading

2
log terms are reduced by l/?.n Q (i.e. by a ), their numerical

strength is significant. Indeed, the leading and next-to-

leading terms are roughly equal numerically for values of

M//s -0.2 where present data exist. This seems to be exactly

what the data demand. However, theoretically, it is seriously

troubling that the first end second terms in a perturbation

series are of equal size. What of the third and fourth?

Present theoretical efforts are directed towards proving

that the large ir effect can be associated with a unique

set of graphs (vertex corrections to qq -* y) which can, in

2
turn, be summed to all orders in g in a controlled way

as in UED. If the dangerously large next-to-leading order

contributions can all be included in the vertex correction

set to all orders in g , in a gauge independent fashion,

then this dangerous class can be summed separately and removed

from the perturbation series. It may then be possible to

demonstrate that the normalization discrepancy factor K > 2

discussed in Sec.II is just what QCD ordered. To be sure,

K will not turn out to be a constant. Theoretically, K

should show significant dependence on M//s" and x , and

approach unity as M ->• «>. To the extent that the large next-

to-leading order corrections are all associated with summable

vertex corrections of the qq variety, they should be equally

important in all processes (e.g. pN as well as v N and pN)•
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From this restricted point of view, there is no difference

(or advantage) in dealing with valence-valence dominated

reactions such as pN -• y*X.

This whole business would obviously be more convincing

if we theorists had put our act together earlier and predicted

K > 2 before the experimenters asked for it.

2. Higher-Twist

In all the diagrams sketched in Fig.3, the initial

constituents are treated as isolated, free, essentially on-

shell point-like systems. The hadronic origins of the initial

constituents are ignored. The physical premise underlying

this restricted class of diagrams is that the constituents

act singly and that some impulse approximation argument

justifies coupling the probe (y) to one and only one consti-

tuent, in each hadron, with no ("time" for) cross-talk (momentum

routing) between the constituents in a given hadron.

Not all physical processes can be described as if the

probe couples to only one isolated constituent. For example,

in elastic scattering (e.g. eii -» eir or ep ->• ep) the quarks

and other constituents in the 7T and p must all act

coherently, sharing transverse momentum, and turning-the-

corner-together. Likewise, in processes in which a particular

exclusive channel is dominant, such as £N-*-£'N*, or AN->•

I'YN the constituents of the nucleon must be reconfigured

coherently into an N* or the final N. Even in purely

inclusive processes, such as S.N-̂ -Jl'x, coherence effects

should play a role at some level, particularly at modest
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2
values of Q and/or for large values of xo ., where the

exclusive and elastic channels are significant. If there is

any important substructure in the nucleon ("diquarks"?),

coherence effects could show up even at small xn . .

Higher-twist terms are associated with coherence pheno-

mena. They address the physics of the hadronic origins of

the initial constituents, taken two, three, ..., or more at

one time. The Lerm "higher-twist" has a clear meaning in

12

the framework of the operator product expansion. A higher-

twist contribution arises whenever the probe (photon, W~, 2 ,.

can couple to more than the minimum number of elementary

fermion fields. This idea is illustrated in Fig.4. In the

scattering from hadrons, higher-twist effects are always

present because a hadron is never just an isolated quark.

At issue is the relative importance of the minimum twist and

higher-twist terms. All the diagrams in Fig.3 are in the

minimum twist 2 class.
Higher twist contributions to cross-sections are reduced

2
by a power of Q from the leading asymptotic scaling terms.

2
They are inverse-power rather than logarithmic effects in Q .

Obviously, their magnitude is set in part by some mass

scale, transverse momentum scale, or other hadronic size

effect. Thus, one expects to see non-scaling terms in cross-

2 2 2 2 2 2

sections proportional to m /Q , tc A /Q , or to k /Q ,

and powers thereof. Here, m denotes a quark mass or a hadron

mass. Second, higher-twist terms may have a dependence on

kinematic variables such as x, z, and M//s different from
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that of the asymptotically dominant minimum twist terms.

In cases in which they have been computed, the higher twist

terms decrease less rapidly with (1-x) as x ->1, by one or two

integer powers. ' ' They also have different spin proper-
Q

ties from the minimum twist terms. Regardless of how high

one rises in Q , the effects of the higher-twist terms are

dominant for values of x or z close enough to unity.

When results are reexpressed in terms of moments over x, the

different x dependences of minimum and higher-twist terms

are reflected in N dependence, with higher-twist effects
2 4 2

growing with N as N/Q , as N/Q , or as N(N-1)/Q , relative

to the minimum twist term.

A complete calculation has yet to be made leading to

a firm estimate for the magnitude and expected form of higher-

twist effects in deep-inelastic scattering from a nucleon
13

target. Results for scattering from a "pion" target are

described in Sec.IV. They are relevant for the experimentally

measurable reactions TTN -* UMX and IN + l'-nX.
Higher-twist effects may be regarded as a nuisance if

2
one's preference is to concentrate on the non-scaling Jin Q

effects associated with gluonic radiative corrections.
2

Unless excellent data are available over a range in Q

extending to very high values, it is obviously possible to

fit results equally well with inverse power terms (1/Q ) n

2
or with 1/ta Q effects. Logarithmic scaling violations

have long been advertised as a crucial test of QCD.

2 2However, at high Q , taQ deviations from perfect scaling

become vanishingly small. At low Q , the 1/Q and 1/Q
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terms become important. Abbott and Barnett have shown
2

that the interpretation of the observed Q dependence in

deep-inelastic data is ambiguous.

Higher-twist terms appear also to play an important

role in large p hadron physics. For example, the standard

minimum twist QCD approach must be supplemented by rather

large contributions from "primordial" k smearing. The

convolution modifies the magnitude and shape of the large-p

cross-section significantly even at p ~6 GeV/c. The large

dose of primordial k needed to describe hadron production

and massive lepton pair production at large p implies

18that the initial constituents are significantly off-shell:

2 2p -k^/d-x). Thus, coherence effects and hadronic bound

state properties must be treated properly. The same type of

pionic bound state effects which lead to the significant

sin 0 effect in the angular distribution fcr TT~N •* ppx

at large x will also lead to a large p~ component in

14
the cross section for hh -> wX at large p . Finally, in

the study of three-jet and other phenomena in e e annihilation

processes, the detailed interplay of basic QCD results and

ad-hoc fragmentation functions is critical for obtaining

precise fits to data. The fragmentation effects necessarily

involve coherence and, thus, higher-twist physics is implicated

again.

The need is clear for precise phenomenological estimates

of the magnitude and kinematic dependence of higher-twist

effects in all inclusive and semi-inclusive constituent
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scattering processes. We should give the experimenters some pre-

dictions to shoot ati One faces both perturbative and non-pertur-

bative issues. Because QCD has not yet been shown to provide the

spectrum of hadrons observed in Nature, or, indeed, any bound

states of constituents, coherence phenomena cannot be calculated

in detail with this theory. In particular, the non-perturbative
9

single-quark and sinqle-qluon momentum distributions q-(x,QtT) and

G0(x,Q_) are not really calculable in a model-independent way;
2

only their evolution with Q is predicted in perturbative QCD.

Analogously, there will be some non-perturbative functions

describing the higher-twist joint momentum distributions for

2
several constituents in a hadron. The Q evolution of these

joint probabilities is presumably calculable perturbatively.

These joint momentum distributions should be universal process-

2 2

independent functions, as are the q(x,Q ) and G(x,Q ). Once

extracted from the data for one reaction they can be used

elsewhere. To obtain the explicit higher-twist contribution

to the cross-section for a given process, an explicit pertur-

bative point cross-section would be convoluted with the joint

momentum distributions.

The emergence of higher-twist effects introduces inevit-

able new levels of complexity and ambiguity in the interpre-

tation of data. Any simple conclusions drawn in the past

from QCD fits must be reevaluated. Higher-twist and higher-

order QCD effects must both be considered. At relatively
2

low values of Q , higher-twist effects are very likely more
important than higher-order phenomena. As an example, non-
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factorization in x and z of the semi-inclusive cross-

section UN •* I'hX is a natural consequence of higher-twist

14 19

physics. ' Fortunately, there are indications from expli-

cit calculations that higher-order and higher-twist terms

yield different, distinguishable measureable effects in dif-

ferent parts of phase space. Spin effects such as c may

be a good high—twist filter. ' ' Because higher-twist

terms represent coherence and quark binding phenomena, impor-

tant physics will be elucidated once we have been able to

isolate and study their effects in the data.
o

In the next section I describe a specific calculation

of higher twist effects in n H*uuX. This calculation

involves a model for the pion and thus includes an explicit

evaluation of the large x behavior of the minimum-twist
2

single quark momentum distribution function q (x) a (1-x) ,

and the higher-twist joint momentum distribution is shown to

0 2
behave as (1-x) /Q .
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IV. TTN ••

I shall discuss the process

- 2 2
IT N -- uux. at large Q = M - , (4a)

as a specific example of higher-twist terms. As will be seen, the

higher-twist piece does not come frori a separate diagram which has to

be "added". The full amplitude I derive includes both the basic mini-

mum twist term (the usual Drell-Yan expression) and a higher-twist piece,

with specified relative normalization. In the lowest order

QCD perturbative Feynman diagram for n~N » iipx, the pion

appears explicitly as a qq system in a definite spin state.

If I were to ignore bound state effects, and treat the quarks

and antiquarks in the pion as free, then I would obtain the

usual classical Drell-Yan prediction. However, by including

bound-state effects, I obtain a cross-section which includes

the classical term as well as an additional higher-twist term

associated with the bound state. The cross-section and polari-

zation state of the (aSJ) system are predicted to depend in

a detailed way on the internal dynamics of the pion. Analogous

19results are true for

, a t l a r g e Q2 = (p £ - pj,) 2 . (4b)

In t h e p a r t o n model and i n t h e c o n v e n t i o n a l QCD app roach

t o p r o c e s s e s such a s t h o s e i n E q s . ( 4 ) , i t i s cus tomary f i r s t

to isolate a basic pointlike constituent scattering process.

The overall cross section is then expressed as a product of

three incoherent probabilistic factors, representing (i) the
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density of "free" on-shell constituents of the hadrons in the

initial state, (ii) the constituent to constituent scattering

cross section, and (iii) the probability that the "free"

on-shell final constituent "decays" into the observed final

state hadrons. The work described here is motivated by a

desire to go beyond this siir.ple approach, and to deal with

the fact that constituents are not free, but are always

bound in hadronic wave functions and are often considerably

18
off-shell. Indeed, at large x and/or at large z, constituents

are pulled far off-shell. Accordingly, bound state effects

not normally considered should grow in relevance, and the

standard quark-parton model assumption of on-shell constituents

becomes increasingly questionable. One of the consequences

of on-shell behavior is the dominance of the cross sections

associated with transversely polarized virtual photons and

W's. When spin-J^ constituents are far off-shell, however,

the longitudinally polarized cross sections may take over,

resulting in substantial changes in e.g., observable angular

distributions. Data should be examined in an effort to

establish this qualitative effect, regardless of the details

of tr,e specific model for bound state, off-shell behavior

presented here.

The pion is a relativistic many-body system and no pretense

is made here that is being described completely. However,

in some well defined regions of phase space, in which the

active quark (or anti-quark) constituent is far off-shell,

the relevant large momentum behavior of the wave function
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can be handled with first order QCD perturbation theory,

20
i.e., by single gluon exchange. The specific region of

phase space amenable to this treatment is that in which the

fractional longitudinal momentum x of the constituent is

large, x > 0. 5.

Consider the process sketched in Fig.5(a) in which a

quark constituent is removed from the pion. If this quark

carries longitudinal momentum fraction x [light-cone variable]

and transverse momentum k_, relative to the initial pion's

direction, then energy momentum conservation may be used to

show that

2 2
2 kT + xMX 2

Here M is the mass of the on-shell spectator recoil system,

and p is the square of the four-vector momentum of the
a

active quark. Equation (5) indicates that if x is large

and/or k is large, the quark is far off-shell (ar.d spacelike)
2

This large momentum (p large) behavior of the pion wave
a

function may then be approximated by single gluon exchange,

as sketched in Fig.5(b). In the specific calculations dis-

cussed below, I treat the on-shell spectator system, the upper

line in Fig.5{b) as a single on-shell masslf.'ss quark. Calcu-

lations can be done in which the spectator system is taken

instead to be a state of several quarks and gluons. However,

such diagrams yield contributions to cross sections which

decrease with a greater power of (1-x) [or of (1-z)] than for

the leading terms which I retain.
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O _

I now discuss the reaction u~N ' IUJX. The dominant

- - 2 2
contribution to r, N -* i-ijX at large Q = (p_ + p-) arises

_ * _ _

from the annihilation uu ••• y > VY-• where the antiguark u

comes from the • and u from the nucleon. It is conven-

tional to treat both the incident u and the incident u

as free, on-shell, massless constituents. Doing so, one

obtains immediately the prediction that the annular distri-

bution of the final lepton should follow the form do/dcosO <*
2

(1 + xcos •:;), with u = l. This form is characteristic of the
*

coupling of a transversely polarized virtual y to on-shell

fermion.s. Here co.s<.' =p *fjM is defined in the ujj rest

frame.

As the longitudinal momentum fraction x of the LIJJ

pair is increased towards its kinematic limit, or as i =Q /s -»• 1

at fixed x , the annihilating antiquark in the pion is forced

to carry a large fractional momentum x and is pulled off-

shell. Accordingly, bound state and longitudinal polarization

effects grow in potential importance. I concentrate on the

kinematic region where only the u is far off-shell (i.e.,

•A - 1) . It is sufficient to treat the u quark as nearly

free and on-shell. Thus, the incident nucleon structure is
_ *

ignored, and I specialize to the reaction v a * y q.

Relying on the discussion above, one may draw the two

lowest-order diagrams shown in Fig.6. Both diagrams in

Fig.6 are required by gauge invariance. The incident meson

momentum p is partioned equally between the constituent

d and u. If this simplifying approximation is discarded,
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a modest change occurs in the prediction of the relative

size of the transversely polarized and longitudinally

polarized components of the final cross section.

The invariant amplitude corresponding to Fig.6 is

• « < * (p.) i

v(p ) 4>
" " Q

(p1) Y, u.(p/2) v_. (p/2)

L a. C J

Here m denotes the quark mass. The equality /Z u v_, =

{;< jzi ~ m) i _ specifies that the ud bound s..tate is a pseudo-

scalar. The factor •'.. (r = 0) in Eq. (6) represents an inte-

gration over the unspecified soft momenta in the pion vave

function. Note that in this calculation the quark trans-

verse momentum k̂ , enters explicitly.

2 2
For simplicitly xn what follows, I set rn =0 and n_ =0,

2 2
and restrict attention to km -• Q . Usinc the amplitude in

i a

Eq. (6) , one r.iay compute ar. explicit expression for the

cross section for " N - ,.7.X.

Q 2 d.
2 2 -

dQ d Q_dxrdcos-; d:
l j-i

, 4
Ta

2 •? ?
L-x ) (1 + cos";) +•=•

3 J

^r s I n ,

(1-x )cos sir.' cos;

(7)
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The angles 6 and $ are defined in the yy rest frame.

In this frame, the polar (z) axis is chosen along the direction

of the incident pion; cos6 =p *p_ . The (x,z) reaction plane is
fj if

the plane defined by p and p , with p chosen to have
X * TT X

a positive component of momentum along x. The azimuthal

angle 4> is measured with respect to x. In the approximation

in which I am working, PX
 = P,- In practice, some smearing of

the angular distribution predicted in Eq.(7) is to be expected

from the non-zero nucleon constituent transverse momentum

K , which I have neglected. In Eq.(7), Q is the transverse

::o~er.tum of the lepton pair, and G ,„ is the quark structure

function of the nucleon.
2

To obtain Eq.(7), an expansion in inverse powers of Q

was performed, and discarded from the square brackets were

-2 2
subasynptotic terms which are of order Q k (1-x ) and

J. a a
— 4 4 —1

Q k_ (1-x ) . The contributions from sea quarks and anti-1 a a

quarks in the meson and nucleon are also ignored in Eq.(7).

2
Equation (7) is accurate in two Q -> °° limits: (a) the fixed

2 2x Bjorken limit, and (b) the fixed W = (1-x )Q /x limit,a a a

with W >> k_ . The neglected terms in Eq.(7) must be retained
la
2

at modest Q for x very close to 1(> 0.95). If scalar
a

instead of vector gluons were used in the amplitude, the only

changes in Eq.(7) would be the replacement of the factor (4/9)

by the factor 4, and (2/3) by 2. As Eq.(7) stands, it would

appear that the cross section diverges as k •* 0. However,

a finite answer should be obtained once finite masses are

restored and the full confining properties implied by ip(0)
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are implemented explicitly.

2
In the Bjorken scaling limit, Q -+<*>, at fixed x , the

valence quark structure function of the pion can be extracted

from Eq.(7):

_4
The corresponding k fall-off produces pairs with a Q

distribution (for kf; << Q2) .
1a

We observe the following additional features of Eq.(7):

(i) We can identify a non-scaling contribution to the

structure function. After averaging over cos9 and over <$>

we obtain:

O 9 N^m-,/

The non-scaling contribution is independent of x and will

dominate the scaling contribution at fixed Q (1-x) as Q v•<*>.

In this model the relative magnitude of the scaling and non-

scaling terms is fixed.
o

(ii) The non-scaling 1/Q contribution corresponds
2

to a longitudinal structure function and provides a sin 6 term

in the angular distribution do/dcos8, in contrast to the

2 2
conventional expectation of (1+cos 9). At fixed Q , the

2
sin G term dominates in the cross section as x ->-l. The

usual rule that annihilating spin-Js quarks produce transversely

polarized photons is modified when off-shell constituents

are involved. Here the q is kinematically far off-shell
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since, as x_ •* 1, all of the momentum of the recoil spectator
r

quark must be transferred to the annihilation subprocess.

In this situation the spin of the incident meson influences

the final angular distribution. The bound state effect is a

high-twist subprocess, since more than the minimum number

of elementary fields is required. Although the large x
2

limit is stressed here, the sin 9 term should be important
2

also at fixed x when i =Q /s + 1. In this latter limit,
x -> 1 also,a

(iii! A significant non-scaling, non-isotropic azimuthal

angle dependence da/d<}> is predicted in Eq. (7) . *.t fixed
2

Q , the coefficient of the costp term in the sq is brackets

of Eq.(7) grows as (1-x ) relative to the domi; ant scaling
a

term. In general, one may also expect contribut .ons to da/d<j>

proportional to cos 2<\> sin 0. However, in this model, the

2 2cos 2<J> terms enter multiplied by factors such as Q k (1-x )
la a

and are therefore discarded in the approximation to which

I am working.

Subsequent to these predictions, the change of the

angular distribution do/dcos9 with x, predicted in Eq.(7),

was observed by the Chicago-Illinois-Princeton (CIP) collabor-
4

ation. The effect has now been confirmed at the CERN-SPS

by the NA3 Collaboration. The CIP results are shown in

Fig.7. These results should encourage a much more detailed

experimental investigation of the large x region in

;;~N->IJUX, with broad angular coverage so that the distribution

da/dcosO d$ can be obtained precisely.
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2
In Eq.(7), the strength of the sin 6 term grows

2 2
linearly with km . Consequently, for any x , the sin 6Ta a

effect should be more pronounced at large |Q™|• Such an

effect is indeed observed by the NA3 group when they

divide their data sample into subsets with |Q_| <1 GeV/c

and jQT| >1 GeV/c. The importance of QCD gluonic radiative

diagrams (Fig.3) should also increase as JQT| grows. These
2 9

terras contribute additional sources of sin 9 effects,

but are not responsible for a change of a with x at fixed

JQ |. Likewise, deviations of u from 1 may result from

primordial k fluctuations, but these deviations also do

not vary with x . A complete calculation of the angular

distribution is in progress in which both higher-twist and

higher-order QCD effects are included.

In baryon (or antibaryon) induced reactions, BB + pyX,
2

the 1 + cos 8 behavior characteristic of spin-Jj systems is

maintained as x-*l, in spite of the fact that an annihilating

constituent is again far off-shell. It would be very valuable

to verify this expectation experimentally. Non-scaling long-

itudinal contributions should arise near x = 2/3 if we take

into account the subprocess (qq) + q -* q + y with an integer-spin

diquark system. These effects may be related to the anomalous

value of a /a observed in deep inelastic electron scatterina
Li 1

2
at moderate values of Q .

The dominance of the longitudinally polarized cross section
2 *

{<* sin 6) as x,, •+ 1 in TTN -> y X is a direct indication thatr

in this limit the annihilating antiquark carries the signature
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of its origins in a spin zero meson. Observation of the

2 2sin 9/Q term in the data is the first direct identification

of a higher-twist effect in an inclusive reaction. The

importance of this higher-twist effect in TT~N •* ypX, for values

2 2
of Q as large as -20 GeV , indicates that higher-twist
effects should be examined carefully in all other high

,, 14,19energy processes as well.

V. CONCLUSIONS

Substantial progress is being made in calculations of

both higher twist and higher order terms in QCD perturbation

theory. There is good evidence in massive lepton pair data

for one higher twist effect, in the angular distribution

da/dcos6. Higher order effects are suggested by the behavior
2

of the p distribution do/dp and by the discrepancy in
2

absolute normalization of da/dM dx (the "K factor").

Much solid work remains to be done by phenomenologists leading

to estimates of the expected magnitude and kinematic dependence

of higher-twist contributions in all inclusive and semi-inclu-

sive constituent scattering processes.
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FIGURE CAPTIONS

1. Basic Drell-Yan quark-antiquark annihilation mechanism

for lepton pair production in hadronic collisions,

illustrated here for h h •* UPX; q and q denote
a o

respectively an antiquark and a quark constituent.

2. A comparison of the sea distribution obtained from

pN •+• ppX via the classical Drell-Yan formula with that

determined in deep-inelastic neutrino scattering. This

figure is taken from Ref.2. The pN data are from Ref.3

and the neutrino points are extracted from the CDHS

data of Ref.6 by a procedure described in Ref.2.

3. Series of diagrams illustrating the interactions of

free quark, antiquark, and gluon constituents: (a) the
_ *

basic zero order Drell-Yan process qq •* y ; (b) and (c)
the first order 0(u ) Compton processes qG -+ y q? (d) and

(e) the first order two body annihilation process qq -*

* 2Y G; (f), (g) and (h), a sample of second order, O(a ),
s
2

processes. Not drawn are many other diagrams in O(ct )
s

related by gauge invariance requirements to those shown.
_ *

4. (a) The basic minimum-twist 2 qq -»y diagram.

(b) A higher twist diagram.

5. (a) Vertex in which a quark is removed from an incident ir;

II ->qX. The quark carries four-momentum p .
a

(b) The shaded oval represents the full wave function

for pion dissociation into an on-shell system {upper

line marked with an on-shell cross x) and an off-shell
2quark p carrying four-momentum squared p . In thea a
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2
large p limit, the large momentum behavior of the

a

full wave function can be represented by single

gluon exchange, as sketched on the right-hand side

of (b). The unshaded oval stands for the pion wave

function at small momentum, where all lines are

essentially on-shell.
* * + _

6. Diagrams for irq •* y q, y •+\i \i . Solid single lines

represent quarks. Symbols p., p , p. and p denote four-

momenta of quarks, and k is the four-momentum of the gluon.

7. Polarization parameter a as a function of x for IT N -+•

yyX at 225 GeV/c; a is obtained from fits to the data
2

with the form da/dcos9 <* (i + acos 9). The curve is a

prediction of the model discussed in the text. Data are

from Ref.4.
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