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ABSTRACT: Recent experimsntal data and theoretical developments on the

production of lepton pairs in kadron collisions are reviewed. With emphasis
on the interplay between theory and experiment, the relevance of theoretical
calculations to the data available at present energies is critically examined.
The Drell-Yan mechanism is found to be phenomenologically dominant provided
that the parton distribution functions contain effects of gluon radiation in
a narrow cone. Explicit JCD perturbative calculations of the non-Drell-Yan
type yield results that are apparently important zt large transverse momenta,
but are contradicted by sibsequent data at 400 GeV and below. A consistent
picture in the parton mod21 is sketched. Further experiments to probe the

basic mechanism are suggested.

CAUTIONARY NOTE: Figures in this preprint that refer to talks presented

at the XIIIth Rencontre de Moriond are all preliminary. The final versions
of the data have not yet appeared in any papers written by the experimental
groups. Those figures are included here in this preprint in order to make
this review more useful before it appears in the Froceedings - by which time
the data will all have been published. Most of the preliminary figures were
copied from hand-drawn view graphs and are not meant for quantitative analysis.
Readers who wish to make use of the data should ccnsult the appropriate
experimental groups.



PREAMBLE

The contents of this review are influenced strongly by the experimental
papers presented during the lepton-pair session and by the recent theoretical
development in the framework of QCD. No effort toward completeness has been
attempted. On the whole this review covers the development of the subject
since summer 1977. For earlier work and for basic kinematics, reference to,

1}

for example, the review articles of Shochet (éxperimental) and Craigie
(theoretical) is suggested. Details of important recent data and theoretical
investigations relevant to our arguments in this paper are to be found in the

. articles by Pilcher, Lederman, and Sachrajda, contained in these proceedings.

I. INTRODUCTION

Lepton pair production in hadronic collisions has recently been the subject
of intensive investigation both experimentally and theoretically. While
many reasons can te given for the high level of interest in the subject, one
single underlying theme seems to be that through the detection of dileptons
in hadronic collisions one is given a direct access to a picture of the
constituent structure of the hadrons. Deep inelastic leptoproduction has
beer: the standard approach for nearly a decade, but it is limited to the )
nucleons and is hard tc reach high-momentum-transfers. Semi-inclusive lepto-
procuction can previde some more information about the constituents but at
the price of invoiving the quark fragmentation funct;ons.v Similar drawback
is present in large-py inclusive reactions, while in spall-pr processés there
are other complications that are not well understood. In lepton pair produc~-
tion many kinematical variables are readily accessible to experimental control
which can therefore be tuned to map out the parton distribution functions,
Theoretically, it is also a fertile ground for testing the predictions of
quantum chfomodynamics (QCD). . Indeed, it is the possibility of a high degree
" of interplay between theory and experiment that has perhaps stimulated the

recent activities in this subject,

fAn inclusive reaction in hadron-hadron collisions iﬁ which only a pair of
leptons is detect2d depends in total seven independent variables, They are
(D tﬁe initiel c.m. energy squared s; (2) the invariant mass of the lepton ‘
pair M; (3) the rapidity y or Feynman variable Xp of the lepton pair;
5(4) the transverss momentum qp of the lepton pair;  (5) the angle 6 of the
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leptons in the lepton rest framé in either the Gottfried-Jackson or helicity
coordinate system; (6) nature of the beam particle; and (7) nature of the
target. A complete description of the inclusive cross section would require
the use of a multidimensional space. However, most of the essential features
of the lepton-pair production (LPP) process can be conveyed by the description
of how do/dMdy and ?qT> separately depend on M, s, and y. This is a 2 x 3
matrix of data presentation which we shall go through systematically in this
review, We shall separately discuss the beam and target dependences first,
Angular distribution in 6 as well as other topics will be considered at the

very end.

Contrasting do/dMdy against <qp> it should be remarked that the former
is an inclusive cross section integrated over qT’and therefore represents
the bulk of the cross section. On the other hand, <q4>, or more explicitly,
da/deyqu, contains infermation pertaining to the rarer events at large -
As is common in hadronic reactions, certain dynamical features that are
manifest in rare events are washed out in the integrated results so that the
mechanism responsible for the dominant features may be quite different from
the physics governing the reactions in some fringe regions of phase space.
For that reason we shall separate the discussion of the bulk cross sections
from that of the a7 dependence. As it turns out, the former is far less
controversial; consequently, we shall be brief. It is the latter that will

occupy most of our attention.

Theoretical understanding of the LPP process is not on firm ground because
many of the well-tested techniques useful in deep inelastic scattering, such

2)

- as short-distance expansion and light-cone dominance, are not applicable

3)

to LPP. The quark-antiquark annihilation mechanism of Drell and Yan has
been amazingly successful even though the reason for its success has been
unclear, at least not uncil very recently. The Drell-Yan mechanism is con-
structed in the framework of the naive quark-parton model, © which in its

own right is in need of modification to account for such effects as scaling
violation. Some progress has been made in the past few months to elucidate
the dominance of the Drell-Yan mechanism in the context of QCD, which is the
only candidate theory of strong interaction at the constituent level, While
many QCD diagrams are found in perturbative calculations to fall into the

- general category of Drell-Yan type annihilation process, there are kinematical
‘regions in which they remain distinctly as non-Drell-Yan type diagrams. Since

QCD itself, having no intrinsic scale, camnot specify those regions a priori,
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only phenomenoiogy can determine where certain QCD diagrams are important. It
is one of the aims of this review to make that phenomenological analysis and

asseés to what extent QCD has be&n tested in LPP.

There are, of course, a number of other models which claim to fit the LPP
data. One of them is based on the constituent interchange model 5) (cIM),
whose results agree remarkably well with all the data considered, when para-
meters determinad in large-pT reactions are used. Whether the agreement is

6)

remains to be seen. Although the success of CIM in

maintained in view o the recent changes of the data both in LPP
7}

and in
large-pT processes
L?P processes saould not be overlooked, it will not be pursued further in
this rcview. Iaterested readers are referred to Ref. 5). Another model

discussed at this meeting 8

is thermodynamic in character and emphasizes
the relatiorship between the production of hadrons and dileptons. Because
it de-emphasizes the role played by the virtual photon, onme expects it to
have difficulty explaining the charge-dependent data, such as the 7 to
beam ratio at bigh mass LPP. Again, we shall not return to this model in

the remainder of this review.

Except for the next section where we éhall discuss the theoretical basis
for the Dreil-Yan mechanism, attempts will be made in all subsequent sections
to maximize the interplay between theory and experiment. WNot all data will
be discussed, obviously. We shall selectively present only the data that are
relevant to some theoretical issues. On the whole we shall follow an outline

which goes through the 2 x 3 matrix of data presentation mentioned earlier.

I1. THE DRELL-YAN MECHANISM

How much can we believe in the Drell-Yan mechanism 3 as the dominant
process in LPP? If this is a theoretical question, it canm be answered only
within the Zramework of some theory, and QCD is the only one available, which
is what will be discussed below., If it is a phenomenological question, then
the answer resides in checking whether the parton momentun distributions in
1LPP assuming tte Drell-Yan mechanism are consistent with those in DIS (deep
inelastic scattering). This aspect of the quark parton medel will be con-
sidered in Section VII, after the theoretical and other phenomenological
questions about LPP are settled.
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Present technology in QCD is inédequate to answer fully the question of
Drell-Yan dominance. One outstanding difficulty is the question of '
interaction among the spectator partons of the two hadrons. There must be
such interactions at some level if the final state hadrons are all colour
singlets. The initial and final state interactions can ruin Drell-Yam's
factorizable form for direct quark-antiquark annihilation. The problem is
difficult to handle in QCD because the hadronic wave functions are involved
which cannot be treated precisely so far. In Regge theory some statement

can be made: 9

all the Pomeron exchange terms cancel. Its relevance to
the parton picture is, however, not at all clear. In the literature on
partons and QCD all complications related to the spectator interactions have

been ignored, as they were in the original work of Drell and Yan. »

What one can do in QCD is to calculate perturbatively the gluon correc~-
tions to the Drell-Yan process. Some of the low-order diagrams are shown

in Fig. 2.1,

S 4 N

<

\\

L

R NS 4o
BRSEEEEES

FIG. 2.1

In these diagrams the heavy, light, dashed, and wavy lines represent hadronms,
quarks (q) [or antiquarks (q)], gluons (g), and virtual photons, respectively.
The bubbles represent the intrinsic parton distributions in the hadrons,
containing all the low Qz'coﬁfinement effects (such as the Fermi motion of
the partons) that are not calculable in perturbation theory in QCD. It was
shown by Politzer 10) (for the initial partons being qq) and by Sachrajda m

(for the partons being qg, qq, and gg) in the leading log 02 calculations
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that two important phenomena occur at high Q2. One is that the contribution
of all the diagrams in Fig. 2.1 to LPP can be put in a factorizable form so
that the Q2 dependence can be absorbed into the hadronic structure function

as shown in Fig. 2.2. Thus in the leading log approximation the Drell-Yan

FIG. 2.2

form 1is recovcrzd.lz) Moreover, the log Q2 dependence of the structure

functions in Fig. 2.2 (indicated by the cross-hatched bubbles) is exactly
the same as that for electroproduction (in leading log) with Q2 = |q2| in
both cases. These features of QCD contribute partially tc an explanation
of why the Drell-Yan mechanism seems to work better than cme would naively

expect, as we shall see in the following sections.

.?he calculations referred to above are done by studying low order
diagrams in perturbation theory. One could with good reasons ask about the
importance of the higher-order gluon~correction terms. Stch contributions
are hard to calculate even in leading log approximation, egince it involves
power series in éz(QZ) log Q2 where gz(Qz) is the square c¢f the running

coupling constant 13)14)

that varies inversely as log Q2; thus each order
in perturbation theory gives a comparable contribution to the correction
terms. Amati, Petronzio and Veneziano lé) have developed a method for

" studying the problem, which promises to be able to generalize the Politzer-

Sachrajda result to higher orders,

There is then also the question of non-leading log terms. It should
be recognized that a power of log Q2 is developed each time an internal line
of a tree diagram (with vertex and propagator insertions) is nearly on mass
shell, 16) It means that for hard gluon radiation the quark and emitted
gluon must be rearly collinear. Thus in the leading log approximation all
quarks and har¢ gluons must be restricted to a forward cone with a small half-

angle 6, In other words, the transverse momenta kT of the partons are

* - T
We shall refer to this in the following as the "narrow” gluon correction.




limited:
kp < €Q (2.1)

where € is a fixed small number. This inequality arises becasue in an
integration of dk /k from p2 to Qz‘it is the lower portion from p2 to EQZ
that gives rise to log Q /p . Indeed, for a related reason, the jet structure
in e’e” annihilation is also described in terms of cones. 7 Now, if a
parton (quark or gluon) in a certain QCD diagram is forced to have a large
kT’ such as in a process in which a large qp dilepton is detected, then one
of the internal lines wmust be far off shell, and one loses a power of log Q
Such terms are not included in the leading log computation, and one must
calculate separately and explicitly hard-scattering diagrams. There can,
of course, still be further gluon corrcctions to the basic hard-scattering
subprocess. Again, in leading log approximation (i.e. collinear gluon

8)

emission) of low-~order diagrams Sachrajda shows in a scparate paper that
the effects of narrow gluon corrections to a hard-scattering process are

also factorizable and can be absorbed into the distribution (or fragmentation)
functions for the initial (or final) partons undergoing the hard collision.
The implication for LPP is then that when a detected lepton~pair has a large
q%, say, of order Qz, one should calculate explicitly the Born diagrams, i.e.
second to fifth, in Fig. 2.1 with the bubbles cross-hatched as in Fig. 2.2

so that the Q2 and small kT dependences due to the narrow gluon corrections
can be taken into account. The last three diagrams of Fig. 2.1 are thereby

automatically taken into account if the gluons are near mass shell.

In the investigation of the factorization question in perturbation

theory 10)11)15)18)

it is the integrated cross section (1ntegrated over k‘ of °
all narrow gluon corrections) that is studied. The resulting Q dependence
of the structure function is then found to be the same (in leading log) as
for vwz. It has not been possxble to determlne what the k dependence is

of the distribution function G(;, ) Q ) before the 1ntegratlon over k

That dependence is, of course, of crucial importance to the calculac1qn of
<qp especially for the direct qq amnihilation process of Drell-Yan., 1In the
absence of any definitive prediction in QCD and in anticipation of the
phenomenology to follow, let me identify two components of parton k; in

G(x, kT' Q%), the meaningfulness of which is only a conjecture at this point.
One is the intrinsic component <kT>° usually taken to the roughly 300 MeV/c.
It is due to the Fermi motion or binding effects in the hadron, probably

19)20)

independent of 02 but may depend on x, The other component,



Ry arrow’ is due to hard gluon bremsstrahlung in a narrow conej it can be
Q2 dependent but at mcst to the extent cf (2.1). How small ¢ is or how
narrow the cone is carnot be answered within QCD. An estimate of 10° to 15°
by Sterman and Weinberg 17 for jets in e'e” annihilation is not unreasonable
ﬁgre. The two components collectively form the hadrenic <kT>had'which is an
estimate of the total transverse spread of the momenta of the partons in a
hadron with gluon intéractions as probed by deep inelastic scattering. The
corresponding distribution function G(x, kT, Qz) is to be used in any parton-
model calculation that needs a description of the supply of partons in a

hadron.

For LPP with "smzll" values of s i.e. not much great=r than <kT had®
Drell-Yan picture applies, provided that the above G(x, k T Q ) is used.
For sxgnlfxcantlj ""larger" qr the Drell-Yan mechanism cannot be trusted, so
explicit non-Drell-Yan type diagrams must be calculated. Iadeed, to test
some clean predictions of QCD it is necessary to go outside the hadronic
("small") region. Since QCD in itself coes not provide the range of <k§ had’

only phenomenology can determine where 'small" dp ends and where "large"
T begins. A significant portion of our discussion later oa will be

addressed to this problem.

For now we need some theoretical framework in which to begin discussing
the data. Since the g, distribution of the dilepton croés section falls off
rapidly with increasiné 9 the bulk of the cross section at ﬁresent energies
is in the region where the hadronic kT is mainly responsible for the -
(Some aspect of the phenomenological comclusion to be reached later on has
been used in making the last statement.; Thus we shall adcpt as our working
hyﬁothesis that for the integrated (over qT) cross section, do/dMdy, the
Drell-Yan mechanism dominates. For <q.*, on the other hand, or more
part1cular1y for dc/deydqi, weleave it as an open questiorn to be examined

in decall.

For later use let us collect here some equations expressing the Drell-

Yan_process in various ways. We includz the color factor 1/3, and use
f f(p k,q) to denote the distribution Function for a quark (or antiquark)
of flavor £ (or I) in a hadron h. It dezpends on the invariants built out -
of the momenta cf the hadron p, parton k, and photon q. 21 The inclusive

cross section in the Drell-Yan approximation is



ef [[Gil(p],k])q)ciz(Pz‘:kz»q) + (f"_’g)]

. %, dk, : '
e 8 (k, +k, - q) — —= (2.2)
ky + K, 5 0
ko Xy

vhere e is the charge of the quark of flavor f in unit of e. If ko is

ignored and E integrated, then (2,2) yields

T :

\ _ ) -

& ﬂ‘r‘ ax, I dty 8Ckxy = T) I eé[Fi (x, MO (x2,212)+(f*—>f):| (2.3)
£ 1 2

aM o |, 0
where
T = }FIs ' (2.4)
X, = q2/2p, (2.5)
i ® 974p;°d . .
£,8, .2 £,8, 2.2, .2
F o (x,M0) = [ch' (@°=M)dk, (2.6)

Finally, if the lepton pair is detected at y = 0, we have

do ma? o 2f.f 2, 2 =
a-{d—y- --9;3—-2 ef[-.hl(x,M )th(X,M ) + (f"”f)} 2.7)

y=0

where x = VT .

III. TARGET AND BEAM DEPENDENCES

Most experiments on LPP are done using nuclear targets. The dependence

of the cross section on the atomic number of the target may be paramctrized

as
" do a(M)
ar = A (3.0
The variation of a(M) with M is shown in Fig. 3.1 with data from various
experiments 22)-21) using both proton and pion beams. It is evident that

for M 2 3 GeV the dépendence on A is nearly linear, signifying incoherence
of scatterings from individual nucleons. Under such circumstances one can

admit the possibility of the Drell-Yan mechanism to work since impulse



-approxination cannot be ruled out. Bit for M § 3 GeV, o deviates significancl
Jfrom one, so the nuclear coherence anil rescattering effects are not negligible
The impulse approximation needed for the parton model is-then not justified.
Thus the Drell-Yan mechanism should not be applied to LPP with M S 3 GeV;
failure of the Drell-Yan formula to azcount for d9/dM in that region is

-28),29)

therefore not unexpacted, In the following we shall not attempt to

interpret the data for M s 3 GeV when nuclear targets are used. We await
30) . . .
with great interest the results from ISR ) in that mass region, especially

when the statistics can be improved.

The dependence on the beam type is as dramatic as it is effective in
illustrating the utility of the simplz quark-partén model and the general
validify of the Drell-Yan mechanism., Consider the cross sections for anti-
proton vs. proton bsams. An an:ziproton has much more antiquarks at large x
than does a proton, so the gqq amnihilation process at large T (thus involving
large x partons) is much more enhanced for the ; as compared to the p beams.
One therefore expects 0(p)/d(p) to increase siguificantly with T. The beam
dump experiment at CERN SPS with © spectrometer verifies this increase

31)

despite their poor statistics. Similar situation is true for o(m) when

compared to o(p), as shown in Fig. 3.2; 33 a ratio of 330 was reported

. 26) - =
by Pilcher for M = 10.5 GeV at Phaam = 225 GeV/ec.
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Another aspect of the quark-parton model (QPM) concerning thé charges
of the constituents is also tested in LPP if one examines the o(n’)/o(n )
ratio for isoscalar targets. The valence quarks of 7" are ua, while those
‘of 7 are du. The annihilation of the antiquarks with the corresponding
quarks in a nucleon at large x should lead to a ratio of the squares of the
charges eg/ei. Thus one cxpects o(n+)/o(n_) to approach 1/4 as v » 1. This -

25),26),31)

is verified by the recent data as shown in Fig. 3.3.

One must conclude here that the Drell-Yan mechanism is operative for

the major part of the integrated cross sections.

ﬁqb(GeVK)
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X 40 (Ref.31)
10 | ++ +++ ‘+°_ 1

I
0.75} * ++ * .
05 | ]
025} 1
0 1 i 1 PR 1 L
0 1 2 3 4 5 6 7
M(GeV)

IV. THE INCLUSIVE CROSS SECTION do/dMdy

We now consider Ehe bulk of the cross section do/dMdy (integrated over
qT) and discuss its dependences on M, s and y in that order. As we have
argued in Section II, for the integrated cross section we shall think in
the framework of the Drell-Yan process whenever necessary. ﬁe shall see that

the data offer no critical test of the model and can be readily accommodated

by it..

At fixed y, particularly at y = 0, the dependence of the cross section

on M has been well measured up to M = 14 GeV both for proton 63,27) and

26)

pion beams. Because of the unknowns contained in (2.7), the data by

themselves cannot provide a precise check on the validity of the Drell-Yan
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process. In fact, the CFS data ) have been used in conjunction with VW2 to
determine the antiquark dxstrxbutlon, depending on what is usad, a number of

6),33),34) Based on tke q and q distributions of the protén

fits are poss1b1e.
' 26)

so determined, one could then use the CP data to map out the parton dist-

ributions of the pion, a result that will surely be forthcoming before long.

The dependeuce on the beam energy has also been studied by both the CP

243,27) Fig. 4.1 shows the result for proton beam at y = 0, 2N

and CFS groups.
To exhlbxt scaling the data at y = 0.2 have been plotted in terms of the dimen~
sionless quantity de /d¥Tdy versus /T, as in Fig. 4.2, One seés that the

data satisfy scaling amazingly well = in fact, almost too weli for comfort.
According to (2.7) and disregarding the small value of y; the quantity plotted
should be a funzction oniy of YT, or x, except for the scaling violating M
dependences (hence s dependences for fixed T) of the parton distributioﬁ

fuactions, which are not negligible for the range of s explored. However,

34
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we krnow from Vi, probed in deep inelastic leptoproduction 35) that the scaling
violation of thz structure function has a pivotal point at x = 0.2 and that
for x > 0.2 it decreases with increasing QZ. Qualitatively, this feature is
preserved in the data shown in Fig. 4.2 if one identifies x = /T, although

an exact parallel is not expected since the quark and antiquark distributions
(having different beha?iours of scaling violation at large x) appear multip-
licatively in LPP but additively in DIS (deep inelastic scattering)..

36) at /s from 28 to:62 GeV,

There are also some data from ISR
Al;hcugh the error bars are large, their values for MBdOIdey at y = 0 for /7
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from 0.08 to 0.25 are in general agreement with the CFS data. Thus on the

whole one can say that scaling secems to work rather well in LPP,

The y or xF‘dependénée'of the cross section for various bins of M valqes
greater than 3 GeV is now also known from ‘the CP arnd CFS experiments. ?6?'27)
Because of the extra a content in the pion, the *p dependences are expected to
be quite different for the 7 and p induced cross sections. The new CP data
ought to be able to put enough consttalnts ou the Drell—Yan formula (2.2) to

determine the parton distribution functions for the p1on.

In using the large Xp data one must be careful about kinematical
limitations since the annihilating quarks and antiquarks may not originate

from separate hadrons as in the usual Drell-Yan picture, but from the same

37

hadron. In that case the qq annihilation process i5 then closely related

38)

to the qq recombination process responsible for the production of mesons

39)-42) The ratio of lepton-pair to 7° or p° production at lafge

at large Xp-
Xp with nucleon target should. then provide a direct clue to the recombination

function.

-The CFS data also show.the y distribution for both positive and negative
vzlues of y.  The asymmetry shown in Fig. 4.3 for VYT between 0.2 and 0.25 is

"at first sight larger than is anticipated from the use of nuclear targets.
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However; a quick estimate can be made if, for extreme simplicity, we assume
.that all quank_discributions are alike in protons as well as in neutrons, and
similarly for all antiquark distributions. Since no asymmetry can arise when
the beam proton strikes a proton in the target, we need only consider the pn
collision. <Counting the squares of the charges only, or. the proton side uud
leacs to (4+4+1)/9, while on the neutron side udd leads to (4+1+1)/9, Assuming
equzl proportions of p and n in the target nucleus, we tsee that the excess
on the beam side is 3 out of 18, which is not negligible. This estimate is
extremely crude but is sufficient to infer that the observed asymmetry presents
no guzzle. A quantitative calculation in the Drell-Yan picture is straight-

forvard.

‘V. TRANSVERSE MOMENTUM OF THE LEPTON PAIR

There are two aspects about the average transverse momentum <qT> of
the dileptons that are noteworthy. The CFS data 6) at 400 GeV shown in
Fig. 5.1 serve to illustrate the situation. First, the value of <qp> is
about 1.2 Ge¥/c for M 2 4 GeV, a value much higher than is naively expected.
Secendly, ovexr the same range in M it is remarkably flat except for the T point
a phenomenon that needs explanation. The data have stimulated a great deal
of theoretical activities because model calculations car. be made on the subjeét
witk predictions that can be compared with data, There have also been hopes

that QCD can be tested. Since there are a number of methods of treating the

1.5} .
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0.5+ ® Ref. 25 .
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FIG. 5.1
- protlem even within the context of QCD, I shall organize the discussion by

first identifying two distinct approaches, commenting on the difficulties in
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each, and then making a conclusion based on phenomenological fact. In order
to be relevant to the data available now or forthcoming, it is important to
bear in mind what is .calculable and what is not, and to distinguish the two

at present energies.

A, BACKDOOR APPROACH

This is the approach along the avenue of space-like qz. Calculate the .
average parton transverse momentum <kT> and then infer the dilepton's <qp>.
Ref. 43)-46) are examples of considerations along this line. Schematically,

the steps followed are:

Qep —@—s prs —®)_, g _(e) k2> 2,

It is in the last step that the Drell-Yan mechanism is assumed and the backdoor
crossed. In Ref. 46) steps (b) and (¢) are short-circuited. We remark now

on each of the steps.

(a) QCD —— DIS

3,14) has been

QCD, being an asymptotically free gauge theory,
successfully applied to DIS where operator product expansion and light-cone
ideas are useful, 2 Scaling violations of the moments of the structure
fucntion can be calculated using renormalization group method and they are .

47)

not inconsistent with the present data, although one cannot claim on that

basis that QCD has been successfully tested.

(b) DIS — R

Here R is

c 2 W F
R = -O—L' = (]4'\,—2)'“1'1 5]'.,‘—L' (5.1)
T - Q I ' T

This ratio is zero in the lowest order and requires a calculation of the one-

48)~50)

loop corrections to the Wilson coefficients, Because the latter gre

related to the moments of the structure functions, an inversion to FL and FT

. themselves results in an integral relatiom, 51)»which in the lowest order
for FT is
-2 W :
E (0,00 = 4C,(R—Es Ll de' w' F(e',0%) (5.2)
A " ? 2 T
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vhere W = 1/x, and CZ(R) is the dpadfatic Casimir operator evaluated in the
representation E for the quarks. Eg. (5.2) is given here mainly to show that

the relationship between F, and Fp is not simple. 1In the limit w*1, the

L
integral is approximated by a linear dependence on w-1, and one obtains

R & b X , x> 1 . 5.3

logQZ//\2
wkere the log factor appears becaase of the running coupling constant'éz.,
Anmong other things the constant C depends on the rate at waich Fr vanishes
as w' > |, For lack of a more reliable but simple formula, (5.3) has been
used as a QCD description of R for the entire range of x from O to 1. The
velue of C is thercfore devoid of precise meaning. Depending upon the user
of (5.3) or other consideratiouas, various values have been assigned to it:
C = 16/25 in -Ref. 43), 1/2 in Ref. 45) and later 1/"4" in Ref. 52). The
prediction of QCD as expressed in (5.3) is thus unreliable in both normaliza-
tion and x dependence.
More careful numerical calculations of R have been carried out 50),53)
in the frameworlk of QCD and renormalization group techniquess. The results

are consistently and significantly lower than the old data 34),55)

56)

particularly

at high x. The new cata give an even higher value of R (0.25 # 0,10 when

"averaged with the R value using the old data), so that the discrepancy is

47)

even worse. Tc¢ account for the difference Nachtmann found that a fit of

the old data would require the addition of a component attributable to the

intrinsic transverse momenta of the partons, which he took to be
2 ’ 2
kpr, @ 0.5x% (GeV/e) (5.4)

Note the x depeudence. The new data on R would require an even larger <k,§>o

*)

which should nct vanish at x=0.

(c) R — <k,‘:‘>

The discussior immediately above refers to a relationship between R

and the pérton'<k2>, which in the naive quark-parton model (QPM) is 8

4<k%>
R = > (5.5)

Q

73

") According te Quirk (private communication) the CHIO group has measured in
decep ‘inelastic nuoproduction a value of R = 0.5%0.2 at x=0.025 for Q2 in the
range -4 (GeVfc)2. . .
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where the quark confinement effects are included in <k%>, Combining with (5.3)

one has-sz)

2

. C (.-x)
K> 2T T

Logo?/A2 @+, ' &
The validity of this exéression depends not ouly on how good (5.3) is as an
approximation for R, but also on (5.5) which is good only if <k§> is very
small, as is usually assumed in QPM. Indeed, on the basis of (5.5) onc
ordinarily expécts R to vanish at high Q2. However, if R shows no decisive
dependence on Q2, as is apparent in the data, 36) or depends on Q2 only very
mildly as in (5.3), then <k%> must increase with QZ, contrary to the assumption
in QPM. The validity of (5.5) is then called into question. Indeed, the
description of the QPM itself would need serious modification. In QCD the

relationship between R and <k%> is not well understood.
(d) <k%> —_ <q§)

In this last step Drell-Yan mechanism is the key link between the parton

10)

kT and the dilepton's - According to the results of Politzer and

1)

Sachrajda discussed in Section II, the Drell-Yan formula is made more
acceptable if the parton distributions contain the Q2 dependences due to gluon
corrections, same as in DIS, How much kT is allowed in the same parton
distributions as a result is not clear, except that in the leading log
calculations only "small kT in the narrow cone satisfying (2.1) is included.
To apply the parton <k§> , as calculated in step (¢) above, to the Drell-Yan
formalism and then to infer the dilepton's <q%> is a procedure bascd on the
assumption that the calculated <k%> is indeed "small". Diagrams in which some
parton propagators are far off shell do not contribute to the leading log terms;
their effects on LPP are not factorizable and thus not re-expressible in the
Drell-Yan form. If one examines the calculations leading to (5.2) and there-

fore to the determination of R, 16), 48)-51)

one finds that it is precisely

the non-leading log terms that are responsible for the answer, i.e. the parton
kT is not restricted to the narrow cone. Hence, it is in principle inconsistent
to apply ‘the Drell-Yan picture to the component <k%>R [the first term on the
r.h.s. of (5.6)] obtained from R, However, in practice, it may be loosely
regarded as an approximate way of estimating <q%> from renormalization-group-

improved perturbative calculation of R.



- the new value,
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OQerlooking the above recervation we proceed to a discussion of what.
hés been obtainzd for <q%>. The Drell-Yan formula, given in (2.2), involves
in general, a rather complicated convolution of the transverse momenta of the
annihilating partons over the surface of an ellipsoid. If kT is infinitesimal
(which is not the case at hand), the convolution integral can be simplified

and the following approximate relation obtains

<q%> = &> + &l (5.7
wiaere the two t2rms on the r.h.s. refer to the <k%> for the two hadrons at the
appropriate x values. For the lepton pair at xF=0, and for identical hadroms,

it reduces to

2 2
ap> = 2<ke> (5.8)

We stress that :=his formula is vzlid only for infinitesimal <kT>, and that

significant departure from it actually prevails 33 for the kinematical range

of available da:a. ' '
Comparisons with data have been made on the basis of (5.6) and (5.8).

Ia Fig. 5.2 are shown two theoretical curves assuming <qp = <q%> ¢ the

dashed line 43) is for C = 16/25 and <k§>o = 0, while the solid line 52) is
for C = 1/4 and <k,f,>0 = (0.3)2 (GeV/c)Z. The agreement is not outstanding..
15} e )
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As we have seen above, the predictive power of QCC in this approach
is weakened by warious uncertainties, not the least of which are: (i) the

value of C, (ii) the x dependence of R, (iii) the size of <k% » (iv) the x

>
o
dependence of Zk%>° , (V) the validity of (5.5), and (vi) the departure from

47)

(5.@). If we take seriously Nachtmann's attempt to meke up for the

'differehcé between the calculated R in Ref, 50) and the dzta, but do it for

56) then we would conclude that the part czlculable in QCD is




overwhelmed by the part due to the hadronic component <k%>had
calculable. In that case one might as well fit the data out right, This is

that is not

not to say that QCD is at fault. It merely means that at present energies

the kinematical variables do not extend to the region where the part calculable
dominates over that which is not,

46)

Lam and Yan circumvent the issue of R by generalizing the evolution

equation of Altarelli and Parisi 37)

and studying the generation of the parton
kyp in the same way that scaling violation is generated by the renormalization
group mecﬁod. This ought to be the proper way of investigating the problem in
QCD if the Drell-Yan mechanism is assumed. There are questions of uniqueness

of the generalized master equation (particularly about the kernel) that requires
further investigation. Assuming a simple form for the kernel and using an
intrinsic <kT>° of 300 MeV/c, 38) a reasonable fit of the data can be obtained

upon applying (5.8) to infer <qT>.

59 also followed the backdoor

It should be mentioned that Soper
approach but in a very different way. Working in a renormalizable field theory
that is not exactly asymptotically free, he studied the large kT behaviour of
the parton distribution function using light-cone techniques in operator-—
product analysis. Terms falling off as k;z and k;a are found, whereupon q;Z
and q;4 behaviour are inferred for the lepton pair. Whether these behaviours
attributed to the Drell-Yan mechanism are distinct from the non-Drell-~-Yan

processes at large q is not clear.

B. FRONTDOOR APPROACH

Having reviewed the backdoor approach, it should come as no surprise
that one could also approach the subject of <qp directly, keeping q2 time-1like
throughout. By studying some low-order perturbation diagrams, one can, in fact,
calculate do/deydq%. Comparison with the data on ap distributions would be
a far more stringent test of QCD than that with <qp Besides, the Born term
calculations are clean-and not too difficult to do. Although one should bear
- in mind that cleanliness is no guarantee for relevance, they certainly should
be done., The idea did not occur to just éne or two, but has led to a multitﬁde

of papers, Ref. 60) to b4) being only a few examples of the collection.

The diagrams to be considered are those shown in Fig. 2.1,.a1though

in actuality only the calculations to the lowest nontrivial order in g have
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been done, i.c. the second to fifth diagrams of Fig, 2.1. We recall that all
the diagrams in that figure can be put in the Drell-Yan form, Fig. 2.2, in

10), ll) which means "small" kT and Qe To

the leading log Q2 ‘approximation,
put Qz dependent distribution functions in the diagrams of Fig. 2.1 would be
double counting for small . However, if one 15 only interested in large Aps
then the distribution functions should include Q and "small" kT dependences.
Calculating in that way for large Iy it is hoped that the second to fifth
dizgrams of Fig. 2.1 give clean pradlctxons of QCD that can be compared with

experiment,

. Clearly, the two approaches are distinctively diffecent. The backdoor
approach depends on the Drell-Yan mechanism, while the frontdoor approach is
mainly interested in the non-Drell-Yan processes. The two are actually
complementary. Cn the other hand, if <k§.>R is recognized as basically non-
Drell-Yan in origin as we have discussed, then that part of the contribution
in the backdoor approach is net un:eléted to the calculatiom in the present

approach.

We now examine more closely the issues involved in the perturbative
calculations of the non-Drell-Yan processes. What has thus far been done is
to assume no k, for thz initial pactons of the subprocesses (qq annihilation
and qg "Compton scattering"), and :then to convolute the computed cross
sections of the subprocesses with the appropriate parton dictribution functions
whose x dependences arz2 partly inferred from DIS and partly guessed. All
calzulations suffer from the trouble at small 47 where, owirg to the massless-
ness of the quarks and gluons, the cross section da/deydq% diverges as
l/qr, as qp = 0. It is a reflection of the fact thacla mascless ‘quark can
emit or absorb a massless gluon co:linearly without violating energy-
momentum conservation. Since in reality the cross sectiqn coes not diverge,
and for reasons already stated regarding Drell~Yan, the result is not to be

60)-64)

trusted at small qp. However, it has been hoped that the calculation

gives a fair description of LPP at large s in both normalization and shape.
Fig. 5.3 shows the comparison of the thcorctical predictions with data 6 at
y = 0; it is taken from Ref. 63), and is typical of results obtained also

by others. 60)-62),64)

The agrcement is regarded as a significant and
favourable test of QCD. Howevcr, cthis may be an over-optlmlstlc view, as

I shall present argunents later to the contrary
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Because of the divergence at 9p = 0, computation of <qp is meaningless.
To emphasize the high ar portion of the distribution one should consider at

least the second moment <q%>, for which the role of the divergence is

162 T y T T : T
°\ . Data Ref.§
) —— Ref.63
o : 4
S \<\‘ : ‘
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suppressed. The computed result which we denote by <q2 turns out to be
62),63) T pere 2
tco small compared to data. - To fit the data a hadronic <k1>h q°
discussed- in Section II, must be added, i.e.
2 2 2
> =
“dp 2<kT>had * <qT>pert .9

where (5.8) and the idea of Drell~Yan has been used. If <k%>h d is allowed

to have a dependence on x or Q2 which is unknown, then perturbative calcula-

tion in QCD has no predictive power on <q§ . Assuming a constant <k2>1ad the
data in Fig. 5.1 can be fitted using 63)
2> = 0.4 (Gev/c)? S (5.10)
T had * a

This is significantly larger than <k2> = (0.3)2 (CeV/c)2 used by Politzer 52)

T o
in connection with Fig. 5.2 or by Lam and Yan. >8) It is consistent with the
conclusion reached toward the end of the previous subsection. Thus we find

here the first indication of a phenomenological support for the conjecture we

made in Section II that <k%>h 4 includes not only the intrinsic <k§>° but
also a "narrow" component <k2> assoclated with the scaling violation of
T narrow

the parton distribution. The component calculated through R in the last

subsection is over and above <k§>had’ just like the contribution of the
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_perturbative calculation in the present approach.

Because the two terms on the r.h.s. of (5.9) are comparable in
magnitudes at present energies, that procedure of determining <q§> is
unsatisfactory, except for the merit of rendering a very quick and rough
estimate of the two effects. Th2 narrow divergence at ap = 0 cannot be
ignored. It coes not get cancelled by contributions from other diagrams as
in the case of the "soft" divergences. 65,66) The only work that has given
attention to the problem (by giving a regularization procedure) is described
in the second paper of Altarelli, Parisi and Petronzio. 62) Because the
implication cf the regularization is relevant to our dis:zussion below, we

give here the essence of their procedure.

2
Let Fpert(qT) dc/qu pert

perturbative calculation. It is singular at qr = 0. The integrated cross

be the q, distribution determined in

section, Uper: = f: Fpert(qT)dgryls thereforezlnflnlte. Howev?r, the true
TR . . - . .

(regularized} distribution Freg(qT) do/dq,rlreg has no singularity at

ap = 0, and the corresponding integrated cross section Ureg is finite., If

one believes :that the only disease with F is at small s and that its -

large'qT behaviour is a faithfil stacemenie;; reality, then a procedure of
subtracting out the diseased small qp part ought to yield Freg' Suppose that
the realistic, but uncalculable, small qp component, which arises out of the
kT distribution in the hadron, and which is responsible for the first term
on the r.h.s. of (5.9), is deseribed by f(qT), suitably normalized. Then,
consider

12 . -4 -
[d9'] Fpepp@p ey = ap) = 0., £lap . (5.11)

The first term is a convolution which installs the proper small q7 behaviour
but carries the wrong normalization; the second has the same characteristics
by construction. The two are soth infinite quantities but the difference is

finite. If £(qT) falls off faster than Fpert(qT)’ then (5.11) has the same

" large Qp behaviour as Fpert(qTJ' These are just the properties that one wants
to ascribe to the realistic quantities in the combination
bt -3
Freg‘qT) regf(qT) * (5'12)
Hence, the identification of (5,11) with (5.12) defines Freg(qT)‘ This
regularization procedure has been used to fit the data with f(qT) being an
arbitrary function. Assuming f(qT) to be a Gaussian with a mean

'~<3%>had = 0.8 GeV/c, corresponding to 67



<kT>had = 0.66 GeV/c , (5.13)

APP II 62

obtained a good fit of the data on 4p distributions. 2 The
hadronic "small" kT component needed is very close to that found in (5.10).
The goodness of fit of the data has no great significance since an arbitrary
function is at one's disposal, but the M dependence of the data seems to be
well described by Freg(qT) without the necessity of invoking an M dependence

of f(qT).

The regularization procedure leads to the conclusion that the
non-Drell-Yan type perturbative calculations in QCD can at present energies
account for a portion of the a7 effects in agreement with the rough estimate
made earlier. In quantitative terms it apparently accounts for approximately
half of <q§> and for the part of dc/dq§ with 9 > 2 GeV/e. If it is true,
then one ought to (1) come to terms with the conclusion made toward the end
of the previous subsection regarding the Drell~Yan picture and (2) seek other
phenomenological tests that are sensitive to the non-Drell-Yan component. The
latter will be considered in the next scction with results damaging to the
conclusion just made. We shall attempt to show that the resolution of the
dilemma will at the same time allow a co-existence between the two approaches

considered in this scction.

Before leaving this discussion, let us locate the loop hole in the
argument that led to the conclusion of the regularization procedure, which
incidentally is not unique, but is accepted here for argument's sake, The
expression in (5.12) contains all the essential ingredients. The first
term is the data, and the second is the hadronic component uncalculable in
perturbation theory. The difference, identified with (5.11), is then the
contribution from the non-Drell-Yan terms calculated. In APP II 62) f(qT)
was assumed to be a Gaussian with an adjustable width, But it could just as
well have been a power-law fall-off with a tail resembling the data, The
point is that the more the second term of (5.12) resembles the data over a
‘wider range of "small" 9ps the more the non-Drell-Yan contribution is pushed
out to "larger" G With an arbitrary function f(qT) to adjust, the data
can be fitted in an infinite number of ways, especially since the parton
distribution needed for the calculation of'I"pert are mostly still adjustable
also. ‘At present there is no way a priori to determine where the "small" qq
range stops and the effects of the perturbative calculations emerge. The

demarkation may even change with energy. Only phenomenology can give us
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further clues - at present and future ene;gies.

Vi, FURTHER PROPERTIES OF <q.>

In the preceding section we have d&elt mainly on the theoreticai
issues related :to <qp>. They have not been resolved by thz confrontation‘
with data on <qT> or do/dqi as functiors of M. We now bring to bear on
the problem oth2r phenomenological facts, viz. their dependences on the beam

26),27)

type, X and 5. The data are &ll very new dnd provide a timely

hint toward a more complete pictire.

Let me first summarize the findings of the last section. In the back-

door approach one identifies

I R 2 : '
5 <qT> = <kT> = <kT>had + <kT>R ) - (6.1)
vwhere <k§>R is obtained through ‘he QCd calculatlon of R, and <k2>h a is more
A 2 _ - 2 . 2 .
than the intrirsic <kT>o = (0. ) (G;V/c) . While <kT>h a = k >, is

zssumed in Fig. 5.2, a sizeable Jifference between them is needed to £1t the
" experimental value cf R. In the frontdoor appreach one has
2 2 2 _
< > = < > <
97 2 kT had * qT>pert (6.2)

where <q%>pert is obtained by perturbative calculation of explicit non-Drell-

ert

Yan diagrams. It is not clear to what extent <q%>p can be identified
with 7<k2>R, but they must in same way be related. Their difference is to

be absorbed by the uncalculable <k%>h 4 in the two cases. Phenomenology

z

discussed so far infers that <kI>l ad is roughly 0.4 (GeV/c) in both cases.
According to our discussion in fection II, <k%>h 4 can be further decomposed

into two components which we express here in a naive additive form as

2 2 2 y
<k.> = <k, > + .
T had kT [ <kT>narrow (6.3)

. 2 . c e . N .
While <kT>° is identified with zhe static property of the hadron at low Qz,
<k;> is associated with the traasverse momentum in the parton

T narrow
distribution confined to a "nar-ow" cone arising from glmon radiation. It
is the parton's transverse spread in a jet, whether it be quarks in a hadron
- . . 2 2 i

h ns k 1 .
or hadro in a quark (or g uon? jet <kT>narrow may depend on Q° but should

éatisfy 2.1.



Since the frontdcor approach is more direct and transparent, our
discussion on the QCD results in the following will refer only to that type
of perturbative calculations.’ Although the low-order calculation in pertur-
bation theory is unambiguous, the proceduré to eliminate the divergence at
gy = 0 is not, resulting in an unccrﬁainty in the estimation of the actual
contribution from the non-Drell-Yan process. The situation can best be
illustrated by the schematic plots of t&o possibilities shown @n:Fig. 6.1

(a) and (b).  The open regions under the curves represent the contributions

(b)

qT FIG. 6.1 qT

from the hadronic "small component <k% had?

shaded regions represent the effects of the non-Drell-Yan terms at "large'

the part described by f(qT). The
Ap-
Data fitted by the overall (solid) curves admit the pOSSIhlllty of f(qT

being either (a) a Gaussian with smaller <k2>had’ or (b) a powerlaw fall-off
with a larger <k2

T had’
in which the shaded region contributes a significant fraction (roughly half)

The conclusions of Ref. 62 to 64 suggest case (a),

of <q%>. Case (b) is not ruled out, but we proceed with our discussion

assuming (a) to be the case,

26)

Consider now the dependence of <qp> on beam type. Pilcher showed

the CP data on 7 beam at 225 GeV and compared with the CFS data on p beam at
200 GeV. As can be seen from Fig, 6.2, <qT>" = 1.2 GeV/c while

<qT>p = 1,0 GeV/c in the flat region. One does not know whether the
difference of 0.2 GeV/c should be a:tributed to the hadronic <kp> . or the

perturbative <qT>pert parts of the beam particles, or both. The difference

2 , o . .
<qT>pert qT>pert can in principle be calcu;ated if thezparton
distributions in the pion is known, and if <kT>; P kT>h d It must

be positive because the contributions to <qp pert from the diagrams in
Fig. 2.1 are enhanéed Lty the excess antiquark in the pion. Thus the least

one can conclude is that <q%>pert ought to be larger than but

p

<

) qT>pert'
probably not as much as the entire difference implied by Fig. 6.2 since
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S T P
flnce <kT>had may be larger than <kT>had too.

P,m
had
share roughly equal proportions acco;ding to the argument above and the

We now see, for both <q,§>p and <q§>ﬂ that <q%>§;1t

and 2<k§>

~onclusion of zhe perturbative calculations discussed in Section V.-B. We

1.8
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come next to the y or Xp dependance of <qT>. Both Lederman 27 and Pilcher 26)

showed data cn that dependence and indicated that within errors they are
essentially censtart. (See Fig. 6.3.) This is highly significant, especially
for the pion data 26) since they cover a wider range of Xp. The iﬁdependence
. : ) . 2 . .

<g > ; r

of 9> on Xp contradicts the earlier conclusionithat <q1,>pert is an important

part of <q2> because it has beem shown that <q%>pert decreases dramatically

with xg. 63) This is shown in Fig. 6.4. This behaviour may be understood as
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" a reflection of the fact that the subprocesses of the lower order non-Drell-
Yan diagrams in Fig. 2.1 are all two~body scatterings. The two-body kinematics
implies that large-angle scattering (hence large qT) yields dileptons mainly

at small Xp while small-angle scattering (small qT) leads to dileptons at

large Xppe There are complications due to convolution over the parton momenta;
however, the dominance of do/dexF at small Xp makes this physical picture a

reasonable interpretation of the numerical result 63) showm in Fig. 6.4,

From the contradiction between Figs. 6.3 and 6.4 one concludes that
<q%>pert cannot be a significant part of <q%>. Th;s conclusion would be
even more inevitable if Fig. 6.3 were a plot of <qT>rather than <qp>, although
I doubt that the constancy of <qT> does not reflect the same for <qT>. In
order that <q§>perc be negligible at present energies, thereby negating the
earlier conclusion, it is necessary to regard case (a) in Fig. 6.1 as
unrealistic. That is, the "small" qp component described by f(qT) need not
fall off sharply as in a Gaussian. Assuming that it is damped more slowly
like in a power law so that the observed ﬁT distribution follows closely

f(qT) over most of the range explored, as in case (b) in Fig. 6.1, the

q
T
region where the perturbative calculations are relevant is then pushed out

to higher values of Gp mot yet measured. One then has

2 .
< > x
9r 2<kT had (6.4)

The question is whether this is compatible with the independence on Xp.

The last question cannot be answered in the context of QCD since it is

the uncalculable component., However, it arises due to the Drell-Yan mechanism.

Recail from Fig. 5.1 that <q%> is independert of T at x, = 0 where

F
X =X, = YT. Thus <q§> is insensitive to which x regions of the parton

distribution functions that contribute to the formation of the lepton pair.
" As Xp increases different X, and Xy regions are probed. The insensitivity

mentioned above then implies the approximate independence of <q§> on Xp.

Comparing (6.4) to (6.1) infers that <k is negligible also. This 1s

not inconsistent with our discussion in Sectlon V -A, The calculated

50),53)

values of R zre small compared to the old experimental values

54),55)
56) :

of R, let alone the rew one,

must now be revised upward. This

In light of (6.4) the value of <kT had Ty

brings us to the question of s dependence, The CFS data shown in Fig. 6.5
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exhibit an increase in ‘qp> as P . ranges from 200 to £00 GeV/e. For the

flat region the following parametrization is given

<q§> = 0.7 + 0.0018s (BeV/e)?® (6.5)
2

If <q.> ~were important, one woull naturally associate with it the s
a7 pert

dependent term above, since it can bz shown from perturbative calculation

thae 017753 ‘
2> = a (@Y s h(s,a) - (6.6)
T pert s’ ’s
Lal {
1.2} by b {

_ : 44}
SORTI ST
g .
N2
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L s200)
o 30¢ § Ref.
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1 1 i A L 1 I3 1 I3 1 1 H 1 1
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FIG. 6.5

where the scaling function h(t,us) does not depend on o, at the lowest non-
trivial order. Quantitatively, for the range of values of M currently
explored, (6.6) is in the general vieinity of the second term in (6.5). It

is unfortunate that this association cannot be made on account of the Xp

independenca. Thz burden is then on <k%>had to produce the correct s

dependence.,

Recalling (6.3) we note that while <k§>o is some fixed number indepen-

2 o2
dent of Q7, kT narrow .
relying on the conical structure of the jet (partons im a hadron) to allow

<k, to increasc with eaergy, since a conical distribution has no
T narrow

can dedend oa Q°, hence, s for fixed T. Here we are

inherent sczle. <Quantitative results have been obtained in a model study and

are in agrecment with the data. They will be discussed in the next section.
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The conclusion we draw in this section is that the lepton pairs detected
so far in hadron-hadron collisiong are mainly produced by the direct
annihilation of quarks and antiquarks in the parton jets of the incident
particles. In consequence, the dileptons have an average <qp> that is
independent of Xpe In contrast, the perturbative calculations in QCD
essentially study four jet events, two of which are remnants of the incident
hadrons, the third is the lepton pair at a large angle, and the last one is
the quark or gluon jet recoiling against the dilepton., The “qp> of such
processes are naturally semsitive to Xp- The four-jet events will no doubt
emerge at high energy and should be looked for to check QCD. However, they
constitute an insignificant portion of the events detected now. The situation
is analogous to the large-py physics for pion production. Distinct QCD
features such as p;a have not yet appeared. n For Pp < 5 GeV/c the parton
transverse momentum plays an important part in the shape of the inclusive
distribution. Similarly, in LPP one must also focus on the tail of the 4
distribution and study correlation between opposite jets to isolate the
simple QCD effects studied in perturbative calculations.

VII. QUARK PARTON MODEL WITHOUT NEGLECTING PARTON kT

Phenomenology of LPP at present energies has forced us to the view that
the Drell-Yan mechanism is dominant and is repsonsible for almost the entirc
range of 9 measured. Thus the Qp of the dilepton owes its origin to the
parton kT in the diszribution functions. The component of kT due to quark
binding cannot be rcliably calculated; the other component due to gluon
corrections in a narrow cone at high Q2 should, in principle, be calculable

46)

in QCD just like the effects of scaling violation. However, at present
there are no unambiguous results free from adjustable parameters. In the
absence of any definitive description of the kT dependence of the distribution
functions G(x,kT,Qz) in QCD, the problem of LPP can only be dealt with in a
phenomenological investigation in the framework of QUM suitably gcncra%izcd

to account for non-negligible k. This, of course, would not be very
meaningful if the Drell-Yan mechanism is found not to be dominant. The

object of the investigation would then change from making predictions in QCD
to checking consistency among all processes to which QPM is relevant and on
which data are éyailable} This has been done in Refs. 33) and 68); we give

here some of the results of Ref. 33).
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Since G(x,kﬁ,Qz) includes only the hadronic kT components indicated in
(6:3), the parton; are all nearly on shell. It is only when a gluon is
emitted with a lacge kT that the associated quark goes off mass shell and a
power of log Q° is lost in the calculation of the structure function. Thus
in the generalizazion of the QPM we continue to use the usual assumptions that
partons are on mass shell and impulse approximation applies, However, we.
let kT to be non-negligible, while keeping it within the bound of
<k%>narrow EQ? 7.n
This inequality is, of course, not very precise for our purpose here since
¢ is undetermined and Q2 may not be very large. Its origin [cf. discussion
following (2.1)] follows from the mﬁthematical properties of divergent
integrals as Q2 + «, For finite values of Q2,‘e need not be infinitesimal
to keep the partcn from going significantly off mass shell. Thus at "low"
Mz, say 20(GeV/c)2, <k%>had may well be as large as the observed | (GeV/c)z.

The generalizad OPM has been extended to include that region.

Because kT is not negligible, a number of new features arise that are
absent in the naive QPM. The Bjorken variable x is not necessarily the
pazton's longitudinal-momentum fraction, which in itself is no longer a
Lorentz invariant. A new scaling variable z is needed to describe the
transverse degre2 of freedom. Through z DIS and LPP can be kinematically
related and unified by a common parton distribution function. In recognition
of the conical structure of the k., dependence, the distribution function G
has been parametrized in terms of-a radial scaling. variable and an angle.

It is found that in terms of a single G function (with appropriate separation
"of quark and antiquark components) all data on DIS and LPP can be simul-
taﬁeously fizted; more specifically, they are sz, R, do/dMdy at y = 0, and
<qT> vs. M.
It is also discovered that significant and.interesting departure from
(5.8) occurs for a wide range of M where data exist, This is shown in Fig.
.:7,).. It is a manifestation of the fact that kT is not negligible and that
the convolution in (2.2) over am ellipso@dal surface introduces the dis-
crepancy between <kT> and <qT>//7. Note that where <qp® is flat in accor=
;»dance to the data, <kT> increases with M, a behaviour reminiscent of Fig. 5.2,
- Thus in that figure the agreement with data is actually better than meets
:the eye.
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Since the parametrization of G has no scale, the calculated <Qp> must
increase with Vs for fixed t. It is found that the value in the flat, plateau
region behaves as

“47” prateau 0.042 /5 (7.2)

27)

at large s. This result was obtained before the data on energy dependence

became known. It agrees with (6.5) rather well,

The conical structure of the parton distribution in a hadronm can best
be described in the Breit frame for DIS, which is free of tﬁe constréint
between x and Q2 in LPP. In that frame kL = Q/2 and x = kL/P, P being the
momentum of the hadron. In a schematic drawing that exaggerates the
transverse scale, the parton distributions for various values of P
(PI < P2 < P3) may look like:

k)
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.Apart from tte kinemat;cal tﬁrn-over at high k. thelrela:ionship between <k
and kg is basically conical. Plotted against x, <ky exhibits a "flying"
sea-gull effect in that at fixed x it increases with Q. The independence of
the dilepton's ‘qr> on M is to e understood through the difference between
<kp> and <qT=//f_as shown in Fig. 7.1, The increase with Vs is self-evident.
It is anticipzted that the same properties are possessed by the jet structure

of parton deczy into hadrons.

VIII. OTHER TESTS OF THE DRELL-YAN MZCHANISM

In previous sections we have discussed how well tke Drell-Yan mechanism
works in LPP .hen all available data on the process are collectively taken into
" account. In this section we mer.tion :hree'possible tests to check the mechaniswy
further. Corrazsponding experiments to carry out the tests are thercfore ‘

suggested.
A, SUM RULZS

So far'in applying the Drell-Yen mechanism some adjustable functions
describing the quark and antiquark distributions must be assumed to fit the
data. Thus there are always some free parameters in the model. However, if
the Drell-Yan formula is strictly correct, exact sum rules can be derived from

69)

can then provide a clean test of the dominance of the mechanism.

it that are free frem any adjustable parameters. Conirontation with data

To be frce from the uncer:ainties related to the distribution functioms

T
G:" in (2.2), we recall the exast sum rules well-known in leptoproduction
3 = 2 ’ u
k 4 N
[d—[cf—cf:l = {1, forf = {4 (8.1)
Kk ¥ P 0 5

(]

and other similar ones for different hadrons. In order to make use of them

in LPP, we consider the integral (for Fixed Mz)

]

ar -
1= f & 9% GR —d"—z(hlhz).{ (8.2)
3 daM - dM '

-l

whete hl and h, stand for the bezm and target Hadrons, and El is the anti-

particle of h,. Substituting (2.3) into (8.2), one obtains
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where C = 4ma?/9 and Ng’ fo F 3k/k . Now equations such as 8.1y
can be used for various h, and h2' yielding the following table for 1:

CPR R h, = p h

N
N

1)

=1

~
(=

\.o<|’oo \.OJ’\I “i
fkb ﬁgo “i

These sum rules are independent of the details about the G functions, and of

the value of M provided that it is high enough to warrant the Drell-Yan picture.

The integration in (8.2) is over T for fixed MZ; thus it is effectively
over s, which is not easy to do experimentally. If we neglect scaling violatiom
which is not unreasonable in view of Fig. 4.2, (8.2) may be re-expressed in
terms of an integral over MZ for fixed s

2

s
1 - I aw? of 1205 )-f-—(h ) (8.4)

° dM

Here the two terms inside the square bracket must cancel at small W since
they diverge individually. 1If they do not cancel in the limit M2 -+ 0, it
means that the observed do/sz differs from the prediction of the Drell-Yan
formula in a way which is not invariant under charge conjugation of the beam
hadron; in that case the identification of (8.4) with (8.2), and consequently

with the values in the above table, is invalid, and one is then forced back
to the use of (8.2).

Verification of the sum rules provides an unambiguous affirmation of
the applicability of the Drell-Yan mechanism.

B. ANGULAR DISTRIBUTION OF THE LEPTONS

One can also learn about the LPP mechanism by studying the angular

distribution of the leptons in the rest frame of the lepton pair relative to
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some axis. 70)-13) If that axis.is'along'one of the incident hadrons, then it

specifies the Gottfried-Jackson angle g, which we use here for definiteness.
In a Drell~Yar. picture if the aanihilating quark-and éntiquark have no trans-
verse momentum relatxve to the incident hadrons, then the Gottfrled Jackson
frame is the same as the c.m. system o>f the subprocess q3 + Y +> u 1~ with the

z axis along the initial partons. Heace, one expects

do 2 ' .
Jeoss | + cos" 6, (kT = 0) . v(8.5)

On the other hand, if the partom transverse momenta are nonzero, it can be
shown that (8.5) is modified to

do

2 ' ‘
m 1 +Acos®® N (kT # 0) (8.6)

where the coefficient A is less than one and depends on other kinematical
variables of LPP. It is in the character of A that one hopes to find

indications of the nature of the production mechanism.

If in a direct qq annihiiation of the Drell-Yan type the only transverse

momenta of the partons are "intrinsic" and fixed, e.g. <kT>°, then A decreases
71,72) On the other hand, .if
the production mechanism is of the explicitly non-Drell-Yan type that involves
73),74)

with increasing M2 and is therefore nonscaling.

hard gluon emission with large ET’ then A scales apart from logarithms
i.e. it is a function of xp and 1. However, there is the intermediate region
corresponding to ko being in the narrow cone, the situation which we have
argued to be the predominant one. There is no explicit statement of the
behaviour of A in that case. Fuirther work is needed to map out the behaviours
of A (in both normalization and shape) as functions of M2, ¥p and T for all
three cases mentioned above. Experiments on the angular distribution remain
to be done.

C. . HADRON PRODUCTION WITH DILEPTON TRIGGER

Another way to learn about the LPP mechanism is to use LPP as a trigger

.in studying the production of hadrons at low Py but large x. 75) A meaningfulb
prediction about this type of correlation relies on a sensible model for -

. - badron production in the fragmentation region. The. parton recombination model
‘ has been successful | 39)-42),76) in giving a quantitative understanding

of the meson inclusive distributions at low ppe In that model a meson at
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at large x is produced by a fast valence quark of the incident hadron recom-
bining with an antiquark from the sea of the same hadron. Thus if the same
fast valence quark is needed for the dilepton trigger, then the meson dis-

tribution will obviously be seriously affected.

In Ref. 75), the Drell-Yan mechanism is assumed for LPP and the ratios
of the semi-inclusive cross sections for the production of 7" and 1 are
calculated for various beam particles and for various values of T of the
dilepton trigger., The most dramatic feature predicted is in a(rTy/o(nT) vs. T
for "+p collision. As VT increases from O to 0.4, the ratio at x = 0.5
increases by more thaa a factor 2. This is to be understood as follows. The
n* beam particle has a d valence quark which is highly efficient in depleting
the d valence quark of the target proton in forming a high t lepton pair. The
remaining valence quarks of the proton are both u-type which can readily

+ -
produce T at large x but not ¥ .

Ref. 75) does not address itself to the question of testing the
difference between Drell-Yan and non-Drell-Yan mechanisms. In the light of
our discussion in Section VI it is not difficulty to extend their argument to
provide such a test. Since the non-Drell-Yan processes are expected to be
important only at large 9y, one should study, for example, the ratio o(w+)/c(n_)
in ﬂ+p collisions mencioned above as a function of Qr for somf fixed iarge*
x and large T. As qp increases, if the "Compton' subprocess d + g > d + ¥y
at large angle becomes important, the d quark in the proton is not annihilated
a good fraction of the time; consequently the ratio should decreasé accordingly.
The dependence of the ratio on qr is therefore a good measure of the extent to
which the "Compton" subprocess plays an important role. According to pertur-

62)-64)

bative calculations in QCD it is dominant at high CUH the proposed

experiment would determine how high is "high",

IX, CONCLUSION

We have reviewed the recent data on LPP and used them to examine and
interpret the many theoretical papers that have been written on the subject. .
Our emphasis has been to extract from the theoretical results their physical

relevance to the phenomenology of LPP at present energies. On the whole we

have found that the Drell-Yan mechanism works extremely well; in fact, we have
found no significant conflict with any data. Theoretically, QCD explains why

it works better than one should naively expect.
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QCD, however, also predicts that there are distinctly non-Drell-Yan
processes which should become important at high dp+ Phenomenology has led’
us to conclude that the kinematical region in which it is cominant has not
yet been reached at present energies., Thus we are in the uynfortunate
sitqation where what is needed theoretically to describe LEP (i.e. the parton
distribution functions) cannot be calculated in QCD by perturbative or other

means.

In the atsence of meahingful and quantitative QCD predictions about
the data availatle now, one turns to phenomenological analyses of the data
in the framework of the QPM. One finds that a consistent picture can be
given, in which the partons in a hadron have a jet~like distribution. That
is, in addition to an intrinsic kT componentbreflecting the binding effects
at low QZ, there is also a "conical" component of kT the mean value of which
) grows slowly with the hadron momeﬂ:um. The latter component is due to hard
gluon radiation in a narrow cone, the same mechanism that gives rise to-
scaling violaticn. It is also thz non-Drell-Yan type effects which can be
fectorized and zbsorbed into the distribution functions wizh the consequence

that the Drell-Yan mechanism is thereby restored.

Experiments are suggested to reveal further the basic mechanism for
LPP. 1If they confirm the picture outlined above, then the distribution of
partons in a hadron holds the key to most of the properties of LPP, and the
urgency for a theoretical understanding of it becomes all the more pressing.
But then that is, after all, one c¢f the primary rcasons for doing experiments

on LPP in the first place.
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