‘ O
f . .
by e
[ .
P B
' .
e,
[ i .
L [l +
TR "y .
’ I
- "

i

i
=

! W 3
Ct ¥]
]

t
] £

o

Cd
3 W@
T b

T T

AT 4 e
oy gy
et

[SRI= IS |
o

LS YL B

U ﬁ )

R XK
R 3

TS |
fa 436
B ped vk
.
K




" TABLE OF CONTENTS

.,_iltk;-k IntrOductlon,
R s 3 : The Classical Drell-Yhn Annihllatlon Model

’;-III Predictions of the Classical Model
L l.gScallng :
' Quantum Number Effects -
Linear Dependence on A
.. Transverse Momentum Distributions

.Angular Distributions in the Classical - 11
Drell-Yan Model A :

_ 6. Absolute Normalization o ’ 13
7. Dlstrlbutlons in xF ‘and y ) . 16

Lw W

IV, Crlthue of the Cla551cal Model - - 17

V. Transverse Momentum Dlstr1but10ns : 24

' lu’Conflnement T o 24
Hard Scatterlng Component k ' _ 26
Exp11c1t Calculatlons o ‘ 28
‘Scaling Propertles' : - - 32

Infra-red D1vergence -and Compar;sons 35
with Data - i

.:Spec1f1c Parametrizatlons and Data ' : 37
.‘Mbments _,Ti, AT w _40
{tAntiproton Reactions ﬁi‘f .i f . Y 1
o J;Dependence on. Xp ;1'{'_'2' S ;A 47
C10. wN Colllslons ST L~"A" S : 48

R Wi

W o

e.‘f”Impllcatlons and Concluslons'; ::;‘ R 49_ o
"=*tiﬁAcknowledgments D ‘47'" ]Ai7 S U52” 3 -
”flTable 1 ”Gf i_tt.-t:3e'~; '.Ajﬁ»fjill . ; | ;'7,',53 -
Referencesv ‘k&_',' j[3;§_}fttff‘ 7:z; S ﬁi_fZSA:f

'*f;Flgure Captlons f '::~life - 1




- I. INTRODUCTION

My'charge»is to summarize our’theoretica14understanding-‘
of massive lepton-pair production in high energy collisions

. of hadrons:

hl-th + 2ty plus anything,
where & is an electron, muon,'or heavy lepton (1). The
theory is evclving rapidly, in response, in part, to the ever -

1'2_Recent1y,good tests have

increasing quality of the data.
been made of several theoretical expectations, including the
scaling hypothesis. A relstivelylnew feature of the data is
the observation that dileptons emerge with larger mean trans-
verse momenta than previously supposed. The mean transverse
mOmentum appears also to be independent-of dilepton mass for
53<M '< 10 GeV.  These (pT> properties may. be interpreted

in a QCD framework in terms of the same types of quark—gluon

‘diagrams which provzde scaling v1olations.

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

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

- ances of the J/w and T. families. I begin w1th a short
o rev1ew of the traditional Drell-Yan annihilation model3 and
“its experimental successes Next I describe the reinterpre-

_tations of or "corrections" to this model which are required

- dn light of recent theoretical and exper1menta1 developments.lfjfa i

-including scaling violations in deep-inelastic electron and -

_muon_scattering Finally, I report -on some very recent work e

hasanndbhe ool




i»=which others and I have done in- an attempt to interpret the

" transverse momentum distribution of lepton nairs

There are various reasons for investigating the. produc-

3'tion of lepton pairs in hadron1c reactions. The J/Y and 7T

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

suppose that the discovery of other new hadronic degrees of -
freedom (viz heavier quarks) may be only a question of

securing the greater acceptance, rebolutlon luminesity, and

'energy needed to probe even higher valuos of the dllepton mass.

1f there are new quarks. the J¥

a virtualAphoton to lepton pallo. nggs mesons and the neptral-
vector boson médiator of weak interactions, the Zf,.Shonld'bo
observed as states in Lhe i+ﬁ— mass speotrum Measurements
of dilgpton yields at present energles, along with the con-

served vector current and scaling hypotheses, permit estimates o

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

Amuch nigher energies whlch should be available soon at CERN,

' 'Fermllab and Brookhaven

~'1n this report I concentrate on yet another aspect of.

;the physics of massive lepton pair productiun in hadron colli-

"fﬁsions The data provide a. goad Opportunity -to test various

.:>CDHCEpts regarding quarks and other partons, including

;Scaling and scaling violations

Afprocesses, in which one-or two leptons are in the

 o1ninitia1 state:

-1 QQ “state will couPle throu eh

’;The connection betWeen h1h2~»1 [ x and “the” "crossed" o .
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QCh yuark-gluon’ dv"amlual predictioné for the . pT'
distribution of high mass lepton ﬁairs (including

the M, 8 and Xy dependences of ”f}TE).

The data alsu provide an iudependent deLcrminalluu

of anti- qua1k and hluon momen tum dlstrihut;nuc ;1n
the case of # induced reactions, eig, nN:'qu,

the quark structure functions for Lhezpiunimay be

‘deducad-fof the first Ctime.



B o S THE CLASSICAL DRELL_—YAN ANNIHII,ATION"MODEL

Lo I eschew the usual warn:mgs regardlng “the :mappllcablllty
v:'f_'_'of the "r:.gorous" operator product expans:.on to hl 27 iex
e _'and, instead, adopt the phenomenolog1ca1 Drell Yan mode13 as
‘ va po:.nt ‘of departure. In th:.s model it is Supposed that when
two “hadrons colllde a quark constltuent from one nu.raculously
. enougn finds an antiquark constltuent in the othe* hadron, w1th
wh:.ch it then annlhllates through a s:.ngle v:.rtual photon of
‘mass‘ M= . This process is sketched in F:Lg 1. The prooab:.l--
ity that a quark [antrquark] is present w1th long:Ltud:Lnal
| '.momentum fraction =z of the parent hadron s momentum is ex-

- .,: o pressed by a function q(x)[q (x)] ln th1s ¢lassical Drell-Yan
model the functions q(x) and qx) are :|.ndependent of Q —
i.e_. are scel:.ng functlons —— and the quarks and ant:.quarks

. jare assumed to carry negllble transverse momentum Both asser-

- tions" requ:Lre modlfmatlon as E 11 descr:.be later The longi~-

ﬂ_tud:mal fract:Lons x are pos:Lt:Lve, and ¥ - Q -sxlxz, where
here xl refers to a quark (ant:.quark) from hadron 1, and Xy

labels an ant:.quark (quark) from hadron 2. It is supposed tnat
A’q(x) is a function der:.ved from data on deep-:.nelast:.c electron
"and deep-:.nelast:.c muon scattermg exper:unents, and that q(x)

. is likewise known as a result of studies of vp-»ux and \)p"‘
ux'." ‘For 1arge Mz .the oft-quoted Drell Yan pred:.ct:.on for
:hlhzruux or hh2->eex is - L '

S __,34%,@; ; e/ I dx dxy [_‘_’i(x,l) 9 Op) + a5 xpdag (xp) |8y, - ’-‘;)"_f (1)




The sum is taken over the different quark flavors, usually
restrlcted for practlcal purposes to i=u,d, and s. The factor
9 in the denomznator is a product of two factors of 3, one de-
rived from an angular integration in the final 144 rest:frame.
-The second is the famous "color factor"; e; is the fractional
quark charge. An integration may be "undone" easily in Eq. (1)
to obtain eipressionS'for dc/szdy and do/szdxF, where vy
anq xp are the rapidity and scaled lougitudinal momentum
(Feynman x) of the lepton.pair I do not repeatrthose exprea-
sions here " For h1h2->1 T X, the lepton mass (m ~1.8 GeV)
_zs no longer negliglble w1th :eSpect to typlcal values of M,

and a threshold factor

':(-—> [1+ 1) o+ (1- ).co'sze-*f’

must be‘jnserted on,the right hand side uf EqQ.(1). Twe 7 l;_

GStw €d TE hove spin 2/%Z. ulsglﬂ-::u in Er.(2) iz the expiicit

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

) o : * . :
the-ez+1»-:rest-frame, 6 is the polar angle of a 1 w;th

respeet to the axis defined by the ccll:.near q‘ﬁ system.

My plan is to. llst some of ‘the predictlons of the c1a531cal'

Drell Yan model and to compare them with data Thls dlscusslon
'leads naturally to questlons of scaling v1olat10ns eorrectionsﬁ
'to the cla551cal model and to pT spectra. which I take up 1n "

subsequent sect;ons

@



5 explored thus far at several d..fferent energies

o

I1I1. . PREDiCTIONS OF THE CLASSICAL HODEL

Scalmg An immediate consequence of the form of

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

o . ‘is- the assertion of scalmg, whereby an appropriately defined

L 'quantlty depends only on the ratio M//S, at fixed y or Xp-

'Spec:.f:.cally, we should f:r.nd that

._'.["nis equation may be rewritten in a varietff of ways, including,
for .example, o | .
>M2da '-_ (M )
av-t-ay g wly -
- Here T =M /8. ) ,
To ‘test Eq. (3) [or Eq. (4)] we' need precise data at several
d:Lfre rnt energles /5, for values of M Whlch exclude the
v »resonances of the J/y and T fam:.l:Les i.e., the acceptable
reg:.ons of d:Llepton mass are 4, 5< M< 9 GeV or M>ll GeV. For

: ';'praetlcal reasons only the mass range 4. 5<M<9 GeV ‘has been

Exper:.mental

' "'::In tne react:.on pN +uux at y 0. 2 “the COIuﬂ:ia-Fermilab-
1

, ,';f.witn:Ln 20‘1 for M//E values 'between 0 2 and 0.4, for plab-ZOO
'-.,‘,1300 and 400 GeVIc : Their target N is Platinum, 602 neutrons -

i and 40/. protons This is the most precise test of scaling thus )

Lo _Stony Brook collaborat:Lon has demonstrated that scaling nolds ‘to . :

3

()



tfar; »A;previous investigation was made by a Chicago-Princeton
.grOup.é 0bv1ous1y tests are desirable over a wider range of s,
‘and for more values of y. 1Im F1g 2,1 compare some recent ISR
data w1th a scaling’ curve derived from the 400 GeV/c PN data
of the Columbla-FNAL-SUNY group.6 The comparison does not test
: scaiingbinasmuch as the ISR data are by and large limited to
M//5 < 0.2, whereas the FNAL data are in the different range
'0.2<M//5<0.5. Within the rather large errors of the present
ISR .data, the comparison in Fig.2 suggests that the function
.f(MfV§) derived from the FNAL data can be extrapolated into a
lower region of M/Y¥S without gross error.
Scaling viclations, owing to the fact that the functions

q{x) and Va(x) are expected to be functions also of QZ, suggest

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

4 do M . ‘ i
- f ( My). (5)
aay | NS\WE ) - co

The expllclt M dependence in fNS represents the scallng vio-

'latlon How 1arge should the dev1at10ns be from the perfect

o ,scallng predlcted by the classical Dre11 Yan model’ rheorlsts :

'fare ‘now- trylng to answer this questlon7’9, and I w111 return to
.'_ 1t below : To answer the question one must flrst devise a set :-
of Q dependent structure functions which are cons1stent w1th '
»the hlgh energy deep-inelastlc up-+u'x and vp-»ux data.‘ N

and wh1ch fit the (latest) data from pN > uux at one energy,

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

'”'5200 GeV/c and TSR energies Because the Q (-M?) values are rela-.




tively large in dilepton production (Q2325 Gevz). whereas
Scaling violations are most pronouncéd for smaller IQZI in
deep inelastic processes, the interval in s over which data
are compared may have to be very substantial before scaling
violations are measureable in dilepton production by hadrons.

2. Quantum Number Effects. There are many tests of

this nature, some more model dependent than others. I will
mencion only one. . Consider the ratio of cross-sections o(r+To)/

_ o(ﬁ'To) for producing high mass lepton pairs when 7 beams

v impinge on an isoscalar target Tp- The sea component of the
quark and antiquark distribution functions, q(x) and g(x),
dies off much more rapidly as x increases than does the val-
ence,pa:t; Thus, at large enough lepton pair masses (recall,
M2-=sx1x2), the cross section is dominated by the annihilation
of a valence anti-quark in the pion beam with a valence quark
in the target. The 37 is a (du) system and the 7 is a
(ud). Therefore, we expect c(n Y/o(n )= (ed/e ) ==l/4 for
large dilepton masses. The recent Ch1cagorPr1nceton data.sup-
port thisAexpectation nicely.2 v

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

assumedvto act incoherently in a nucleon. ‘Thus, they should v
also be 1ncoherent in a nucleus It is’evident' therefofe _that
the cross sectlon for ma351ve 1epton palr ‘production should be
'v-pr0portlonal to’ A, the total-number‘of nucleons in a nucleus
V‘FMore than a pred:l.ctz.on of the class:l.cal Drell-Ya.n madel this
‘f‘icondltlon is ‘a mlnrmum requ151te for appllcabillty of the model.

:'It seems to holdl" ior M>40GeV . B k




4. Transverse Momentum Distributions. As remarked above,

the quarks and antiquarks are‘aesumed to carry "littie" transverse
momentum, and therefore the dilepton pairs should emerge with "small"
' Pr- Experlmentally,5 on the other hand, it is observed that (pT\~
1.2 GeV, and - (p§)=1.9 Gev? for 5<M<10 GeV in pN collisions at
plab=r400 GeV(c. The data are shown in Fig.3. Are these statements _

~consistent? It seems obvious that quarks and antiquarks in .
the_initial_hadrons carry sone non-zero (kT> associated'simply
with the fact'that they (several together) are confined in a
reglon of ‘transverse dlmen51on= of order 1 fermi. The uncer-
talnty prlnclple suggests \kT> 300 MeV. This is pernaps a
1owertl;m1t More relevant for a determination of <kT>
the'ferni motlon of’ quarks within a hadron, which is 'in tum
assoclated with _the 1nter—quark spacing. Thus, (k )3~600 MeV,
or more, is not obv1ously an unreasonable flgure to - a351gn for
the mean transverse momentum of a quark or anthuark in the .
initial hadron wave function Speclflc (bag) models of quark

“confinement can be exploltedllto refine this estlmate to suggest
whether <k ) should vary with x of the quark,- -and to prov1de

‘predlctlons for possible differences between (k )A and <kT/§

Turnlng to the data, now, if we assume that the entire experl-

.;mental flgure ofz <Ap2>=19’GeV2 is to be assoclated with trans-'

‘verse ‘momenta ‘of the quarks and anthuarks in the wave functlons

.“'of tne 1nc1dent hadrons then we would conclude that (k ) =1 GeV2

"a-__[Here I have assumed <kT> <k2>-] Adopting a Gauss1an d1str1-

g lbut:.on in k.r T deduce (kT) =900 MeV' (~soo MeV if exponential).
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Although 50% larger_thantthe "fermi motion"vfigure 1 quoted
above, the value. of QOO MeV is not outrageously large. Never-
theless. it ‘is the Judgment of many theorlstslzllg that a A
dynamical explana*lon should be: sought for the "large exper1~
‘mental (pT) 1.2 GeV in terms of hara-scatterlng models, rather
than the bag or conflnement explanatlon I sketched above. 1In
the hard-scattering approach a substantial part of (pT) derives
from the scattering of quark and gluon (or meson) constituents,'
such as sketched in'Fig.A; In this ﬁiew. the transverse momen-
tum of the dilepton is balanced hy a quark-(Fig.4(a)) or gluon
(4(b)) jet in the final state. I describe specific models of
this type in Sec.V. o .

The hard-scattering and confinement'explanations differ -
in their predictions for-the,‘s dependence of transverse momen-
tum effects The observed growthlof <pT) at fixed M/vE, when
Piab is 1ncreased from 200 to 400 GeV’c is suggestive that the
hard-scattering approach 1s 1mportant even at relatively small values
of Pp- No doubt both conflnement and hard -scattering components are
‘present. In any case, the cla551ca1 Drell- Yan model needs modlfica-'
tion. I return to thlS lssue below in Secs. IV and V.

In Fig. 5 I compare the experlmental d13tr1bution6 in pT
with calculations of Edc/d3p ‘in; which I replace q(x) in

Eq (1) by the factorized formlflhf ﬁf ST e o

q~(x.f~)j'% .xl;?hi.é(sc)‘s(|1?Ti:); e

with xR = [x +4kT/s] An 1dentica1 substitution is msde for

§(x). The forms T use’ for ;q(rjilsnd G(x) are described later, -
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in Egs.(9) and (10). For f(l-k.,r!) 1 tried both Gaussian and

2

exponential forms, with <k'i‘>q = (k,‘i'_/)c.] =0.5x(1.9) GeV™. The

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

modelsll'

f the confinement type, but energy dependent effects
are not reproduced unless <k'1‘/ is chosen to be a functlon of
s. In Fig.3, I show how (pp,) and {p T> are expected to vary
with M at 400 GeV/c in these naive models. NKote the kinematic

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

‘4 for M24 GeV, as in the data.

5. Angular Distributions in the Classical. Drell Yan Moclel14 B, 16

In the quark-antiquark rest frame (which is also the
dilepton rest frame), the angular distribution of a final lepton

is predicted to have the form

[1 +acos’e ] (7
o d” _
with
/ M?' - Z;m;?l 5\
= ——t 8).
¢ ,\M2+4m2/’ ®
, q
The .avefage is taken over the different quark masses ‘m,. In

q
- the (usual) limit M>>,mq, a21. The longitudinal direction (6% =0)

is defined by the quark-az;tiquark ‘collliriea'r axis. If the quar'k'

.and anthuark carry no transverse momentum, as in the class:.cal 7
.Drell Yan model, then Eq (7) is true also in the "t -channel" d1- |
lepton rest frame, in which t-he e =O a.x1s is specif:l.ed by the ‘

: (longxcudlnal) d1rect:ion of ‘the init1a1 ‘hadrons.
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~ Owing to the fact that: (pT>#O, Eq.(7) with a =1,

. should ﬁ'o-longer hold in the t-channel frame (and even less
V» :so in the ‘s-channel helicity frame). In general, both &
- and ¢ dependences are expected. If the effecrive 6*

dependence is parametrized as [l *atcosth], the value of

°"t in the t-channel frame is expected to change with Pp» M,

i xF _and s of the reaction. In Ref.l4, specific forms are chosen
.fer the distributions f(;"ET;) in Eq.(6), and explicit results
are presented for the variation of o, with Ap and M. For
M>5 GeV, it is found that <ut>;0.8 for all Rps here the
» average is taken over ‘ Pp- The modification of <°‘t> due to
,',“ , ky smearing is not great for large enough dilepton masses.
: In Fig.6 1 show tne expected variation of et with P for

o . M=5.5 GeV and xF'=0. ‘These results are of both theoretical

and practical intetest. When sufficient data are available,
they will permit another non-trivial check of the Dreil-Yan
mechanism. At the moment the experimental acceptance is
.festx_'ictedfto a sma].i :_region in 9: about e:-o. The theo-
_ret'ica]_.' results may therefore be useful now in estimating cor-
'vrectidn's' to the data for the limited ecCeptance- In Ref.6, the -

assumpt:.on is made that a_=1 :Eor all M and Pg- The

. t
curves in Ref 14 suggest that this assumpt:.on overestimates the .

- cross sect:l.on do/dey at .y=0 and M=5 GeV by about a
= _factor of ~1 07 relat:.ve to that. at M>10 Gev. L:Lkew:.se,
:-’;»Fig suggests that the assumption leads to an overestimate of
: _'the expermental cross section at M=5.5 GeV and pT~4 GeV

: f‘:,"_relat:.ve to that at small pT, by a factor of =1.2.




' While this latter error leads to slight overestimates of (pr)
~ and (pT> in the data; the effect is not substantial.

6. Absolute Normalization. W'nlle predlctlons for the

absolute drilepton.yields are perhaps the most interesting for
exb‘e’rimental comparisons, and for estj,mates of W' rates, they
afe very sensitive te.medel dependent'assumptions about,’for
example, the function 4q{x) in Eq.(1). To be specific, sup-
FOse we consider.the observable dq/dM&y at;y==0 - for pN=

uEX ‘at 400 CeV/c. :A'.; y=0, %= 2,5x=_M/.f'§', and ¢ ai<q(x)
i,(x')). (For thc mement I continu: to isnore possitle 02 r’-:-:-..‘.;_—
'ence) Above thev J/W reglon where rz>5 GeV, the Columbia-
FNAL-SUI\Y group ‘provide data in the range 0.2% 7520.5.
Unfortunately, q(x >0.2) is essentially unknown. Gargamelle
neutrino ¢:i‘at,a]'7 at low energies provide G(x) for x<0.2, and
theoretical extrapolations are neeessary for estimates of
g(x >0.2). Various such extrapolatlons have been madel8: 19_ I
think it is fair to say thavt none was successful in predicting
) the dimuon rate observed by the Columbia-FNAL-SUNY grbup6. One
example, due to Field and Feynmanls, ie compafed with the data
in Fig.7. The F:.eld Feynman expectation falls below the data
'by'aﬁout a factor 'of 3 at M~_5 GeV, but appears to meet the ‘data
foi' MS10 GeV, A eecond ingreclient in the preuie'tioh of the

absolute cross- sect:.on ‘is the color factor of 3 in Eq Q). 1f

- 1t were removed the F:.eld-Feynman curve would agree w:.th the

' data at: ‘M =5 GeV and exceed exper:Lment at larger values of M.

;However few theorists would ser:.ously suggest droppmg the

o »color factor Ow:l.ng to present uncerta:l.nty in our knowledge

- of §(x) in the relevant x range, it is impossible to “test”
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i}whgther‘the color factor is correct in Eg.(l). This situation
may.chahge in the next year or so when gooé‘déterminations»are
available of a(x)‘ from neutrino counter experiments. For the
time being it is more sensible to recainvthé color factor and
to await improvements in a(x)J‘ It ﬁay be remarked that the
.v>nqia§sical Drell-Yan model haé done astonishingly well in coming
k Withinba mere factor of 3 of the experimental rate. Indeed,
" ‘the aatafthemselvesé'are assiéned a sysﬁeﬁétic uncertainty of
15%Vand'a separate overall nqrmalizatién unéertéinty of 25%.

_ Given the sensitivity of thé data tp..a{x), the problem
can'be'inver;ed, and the data on’ pN-piX used to determine an :
avérage q(x). (The average here is over qﬁark flavors and Qz).
This procedure requirés_énkindependent determination of q(x),
.frbﬁ some other source, siﬁcg ouﬁ<=(q(x)ﬁ(x)>. One method was
chosen by the authors of_Ref.B,‘ﬁho find G(x) = 0.6 (l-xﬁloi .I,
use a differént pfoéedure.: 1 adopt Field and Feynman's para-
metrization of the valeﬁce part of Aq(k),‘which they detérmine. _
from deepéinelastic.eléctron dgté. f&fiegﬁh quark flavor, I ‘

write
900 = q?(x)-ﬁ-S(x) S @

x3(x) = xS(x) s‘cl-a-sc)crz » - . (10)

A'*::Igaefe;@iﬁéjthét?é gobd‘fit tb-the‘diﬁuon'data is obtained if

'i{'thélaVerage séé§isVparametriZed-gs -.

: ‘~ A".,;‘._'.be(x)_ -042(1-::)9 SRS f-A o - A, : 7(-1‘1)

. This function is determined by data in the range 0.2 <x <0.5.



"My -fit is shown in Fig.7. 1 attribute no virtues to‘this
“hybrid" model, but it does provide a set of guark and antlouark
distribution fumctions which I need for calcularions reported

'in Sec.V.  The ‘complete details of my parametrization are pro-
vidEd in;Table 1.. The narametriaation satisfies varlous desir-
able sum rules. ‘

Several reasons may be advanced for the differences between
my ‘jsea dlstrlbutlon and that of Field and Feynman who use xu(x)=
0.172-x)1% and x3(x) =0.17(1-x). First, as remarked above,

- _the Field-Feynman choices are pinned to data at x<0.2, whereas :
my expression fits‘ (differenti data for x>0.2. It is easy o concoct a .
form for =x=S(x) which has the “Gargamelle value” 0.17 at x=0,
ehosen by Field and Feynman but whi'ch yields my expression in
the range x>0. 2. This procedure is tantamount to suggestlng
that the Gargamelle and Drell-Yan sea dlstr1butlons are not really
different, but that they can be made to merge into one another
if sufficient flexibility ls~adoptedfin parametrizing the func-
t:lon v xS(x). . On-the_other 'hand; the difference can be viewed - 7
instead as a real physics difference-associated with Q% depend-”d
ence. ‘This is the more popular theoretical interpretation. The
Gargamelle data are confined to values of . |Q2|‘<2 Gevz, whereas

j ;4 in the dlmuon data: 25'<Q <150 GeV2 If q(x) is replaced by

;the scallng v101at1ng form q(x Q ) then there is no reason to’ _
:suppose that the Gargamelle q(x Q ) should apply for values of
Q2 more than an order of magnltude larger i It-is more . relevant

':g'then to compare the average q(x) extracted from ‘the’ dlmuon data ;}

e'with antiquark distrlbutions deduced from very h1gh energy neutrino
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FREE - ) . . 20 A . .
.experiments. ~Recent BEBC data are in fact consistent with my

. Eq.(11). I will feturn to scaling violations in Sec. IV.

7. Distributions in xp and y. The' expected rapldlty

- y and Feynman xF dependences of do/dMdy and dc/dexF are

strazghtforward predlctlons of the clas51cal Drell Yan - model

,iflonce Spec1f1c forms are chosen for q(x) and q(x). I've

~flgdlscussed uncerta1nt1es aSSOClated ‘with q(x) above; they are

7; reflected in expectatlons for the y and xF variations of the

v ”l‘dllepton yleld
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IV. CRITIQUE OF.THE CL‘ASSAIVCAL' MODEL

: In Sec. III, I surveyed some of the successes of the'
':'clasSLcal Drell Yan model. Rather than continue in that vein,
A..I think it is appropriate to discuss the Justification for .
_jithe model and to ask what modifications or reinterpretations
'.vare necessary in the light of other recent experimental and

| theoretical developments. I mentioned that the “large" values ;

‘observed for_h(pT> in pnfypux, and the observed energy

’ dependence.Of,:(pf),'requireimodifications of the classical
,models"IAalso referred to the scaling violations which appear
tdvhave-been observed in high energy_deep inelastic muon
scattering21 p-ﬁu'X' and'by the BEhC'collaboration20 in.
~vp+uX. These data suggest that the structure functlons
'q(x) and q(x) in Eq.(1) may have to be replaced by functions
'TWith explicit Q dependence which may or may ‘not be identi-

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

i ) Moreover, we may also ask what is Special about the qq anni-v .l~

hilatlon dlagram in Fig 1. Why not calculate and 1nclude other~
contributions, for example from the graphs shown in Fig.4? o
To first order in the strong coupling constant “s’ the

constituent scattering portions of Fig. 4. are prov1ded by the .
(two body final state) "quark exchange"” Compton and annihila-'f’
_ tion amplitudes shown in Fig 8. Higher order graphs may also
’”be drawn Those in F1g 9, with three particle final states
Z(Q q Y) are typical of graphs of order (a ) [ln Figs 8

: and 9 the dilepton (not drawn) emerges as always, from the }5,'

,‘Cj‘)' Y ..“.'.“ .
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: decap -of the rirtual photon] Although.‘ ag = 1/iog Q2 he
4 cross section corresponding to the graphs in Fiz.8 is pro-
partional to o 1ogQ , and the graphs in Fig.9 provide con-
-tributions proportional ‘to (u log(z) " Therefore, the higher
: order terms are not necessarily small with respect to the
..simpleiannihilation graph in Fig.1l. They may also provide
different x; and M dependences. NOting'that the graph in
: fig.g(a) involves the scattering of valence quark constituents,
'.ue mayiwonderpwhy it is not the dominant contributionm, especially
‘“in';pN collisions where the annihilation diagram in Fig.l feeds
» on"the'relatively small antiQuark‘sea' ‘TheAprocess sketched |
in Fig 9(a), where the fxnal photon may be Jcined to any of _
the four quark lines, was in fact proposed to explain high mass
f22

N dilepton production by Berman, Levy, and Nef at about the

same time as the original Drell and Yan proposal
If the various diagrams sketched and suggested in Figs.8
and 9 must be computed separately then, at the very least the
"model" becomes cumbersome and may lose considerable predictive
- power. - The;amplitudes of different orders.of ag should be
h' added coherently, before cross-sections are computed Other-
: ;w1se, errors of "double—counting" are committed The iatter- ’
’ 'ﬁdifficulty can be avoided only at the price of a different or
”:tfadditional ambiguity, one may try to compare different consti-
___'i7tuent scattering terms’ Wlth data in different regions of - phase
ff::espaee where the amplitudes have negligible overlap (e.g. try
”T.*; to separate the two jet three jet, four jet, ete. contribu-

ions)




19 -

Fortunately;-tnere:is-growinQHSupport among theorists
for the conjecture23 that the three'prcblems‘nentioned above
(scaling Violacions large (pT> and additional diagrams) are
all part of: the ‘same story, and that they may be resolved
together Stated in overszmplified fashion, the- idea is that
the full series of constltuent scatterlng diagrams, to all orders'
in 'as, generates QZ‘ dependence of the structure functions,
as in deep inelastic scattering Thus ‘the cross-section for
lepton pair production 1n hadron collisions.' do[dey, may be
computed from the simple annihilation graph_in.Fig;l(a), provided
‘ that Q2 dependent structure functicns,are used. Moreover, )
these ‘Q2 dependent structure functions are.identically those'
determined in deep inelastic electron; muon, .and neutrino‘scat-
tering at the ‘same ]QZI In this fashim for d‘s)d’-idy, effects of the
higher order graphs are automatically included. When.the exneri-
entally extracted Q dependent quark and antiquark distribution
-functions are used in . Eq (l),lconstituent subprocesses such as
those sketched in. Figs 8 and 9 shauld not be calculated 1ndepend-
ently, as they are already 1nc1uded
, The original papers24 should be consulted for a full dis-
cussron of scaling v1olations 1n deep 1ne1astic processes and
their interpretation in terms of asymptotically free QCD. fI
’;limit nyself to a few qualitative.comments. In deep inelastic
: scatteringgbtnefquark.distribution functions represent not only
’Vg_the;naive:quark model'contribution sketched‘in Figylofa) but
:'include also other effects to all orders in the strong coupling

"'constant as.' The “extra" contributions to. first order in o
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’are 111ustrated in Flgs 10(b) and 10(c) In Flg 10(b), the .
quark "flrst" radiates a gluon before scattering from the Q <
0 exchanged photon and in 10(c), a gluon constituent dlssocl-
j ates 1nto a quark-anflquark palr one of which then scatters
- from the photon. The first order graphs “in Figs.10(b) and
10(c), and those in higher order in ag, are understood to
generate Q2 dependence of the structure-funetions gi{x). If
the - quar“, antiquark, and gluon distributions are supplied
- (as functions of x) at one initial starting ualue Q2 =Qg, ‘then
_ the renormallzatlon group equatlons of the theory provide the
x dlstrlbutlons at h:l.gher values of {Q |. These =x distri-
butzons generally change with Q For example as ]QZI grows,
the valence quark - dlstrlbutlons are predleted to become more
sharply peaked toward :{=0. The sea dlstrlbutlons are expected
to 1ncrease in magnltude at x=0, but to fall off more sharply
:‘w1tn lncreaSLng x. Thls behav10r of the sea is 111ustrated in
f.;Flg 11, - The pettern a wd 51~t orAtue prcdrc.-a Q derenierce

':'(scallng v1olat1ons) agree qualltatlvely with experiment. 4

The obv1ous s1m11ar1ty between the graphs 1n Figs. 4 and 8,

' s.and those in FlgS 10(b) and (c), eneourages the conjecture

mentloned above that the QCD Q ' dependent correctlons to the

structure functlons are the same in both deep 1ne1ast1e processes

u‘”and inc lepton palr production reactlons However the mathemati-

eal technlques avallable in tne Xy ‘<0 deep'lnelaStlc Tegime

‘are inappllcable 1n the Q >0 domain of 1epton pair produetion
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A check of the conjecture must be ﬁade in perturbation theory,.
“otder By order. It is not obvious that the necessary factor- E

ization can be demonstrated whereby a Drell-Yan type annihila-
tion~fo:ﬁu1a will.resﬁlt'in each order of. a . After a compu-

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

9, it‘is‘neceSSafj that the aﬁswer'have the appearance of a

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

and that no leadlng terms appear 1nvolv1ng the sum (p1-+p2) of

‘the initial hadron momenta. ' : . _;

~The quark-gluon dlagrams of Flg 8(a) and (b) prov1de a |

;leadlng contrlbutlon to the lepton palr cross-section having the ‘

'_form23

2y s, o sl
'ﬁhere‘ p% ‘is the four momentﬁm of ~he initia1 gluon, and g
. »lS the c1asszcal Drell Yan cross-sectlon .The term ﬁultiplying
9g _above is exactly the first term of the ‘series for quG(x Q )
_Arepresentlng the antiquark content of the gluon as measured in
the deep 1ne1ast1c process in Flg 10(c). Thus, to this order in

s’ -the contrlbutlons of Fig. 8(a) and (b) are already included

in. the annihilation process .of F1g 1 if in Eq. (1) we make the

replacement
.: - V‘ -< - » : 2 . |
_ .q(g:?f*q(x)» RIVAL DN - _ (12),
>'or;'ﬁotevgenera11y,‘

IO X o B S ay
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The'gluon-gluon graphs shown in‘Figs.B(b) and 9(c) provide a
leading contribution to the lepton pair cross-section having

‘the form
00(1 - 2x1(1-xi)) (1 - 2x2 (l-xz)) a:sz log (Qzlpi) log (szpg) .

‘ Thls expreSSLOn manifests the necessary factorization, and is

exactiy the order ai term in the product
qug<x1pQ F)PQ[GG‘Z’Q ) .

; In summary, the conjecture is that the Drell-Yan quark-
antiquark annihilation formula is fully justified in a QcD
framework and that it includes in prznciple the sum of QCh
graphs to a11 orders in g, prov1ded that Q dependent struc~
'ture functions are used in Eq (1). Moreover .these structure
functions are 1dent1ca11y those extracted from deep-inelastzc
processes (w1th a tr1v1a1 change of the 51gn of Q ). Thus far,
-this" 1mportant conJecture has been verified in perturbatian
'theory'only to order'(a )2 aﬁd then, onlyifor the leading .
logarithmlcally dlvergent contributlon in each order. [Con-
: celvably the "non—leading“ contributions in each order in ag
are different in deep-inelastlc and in massive lepton pair
_’ productlon processes.. However estimates given below in Sec.V
| isuggest that the non-leadlng terms in order ‘@, are negligible]

It is of substantial interest to check the above" conjecture

'Vijkexperlmentally.o This requires data From deep inelastic processes

_of sufficient precision to- allow extraction of the structure :

(14)

(15)

-
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functions qx, Q%) and- §(x,0®) at the same [Q%|>25 Gev®

and x~=M//’ values at which data are taken 1n lepton palr
experlments. For the time belng, the conJecture 1nstructs
‘nsito’regard structure functions extracted from ;epton pair
data,'aslin'See._111.6,'as effectively as. Q2 »dependent.
‘Thus<Athe average sea distribution 0. 42'(1-x)9 in Sec. IIIL.6
,tizs one approprlate ‘in the range 5<.Q-<12 GeV. That'this sea
dlstrlbutlon has a greater 1nten51ty at x=0 than the lower
Q2 Gargamelle sea is conszstent with the QCD expectatlons
' 111ustrated in Fig.1l. '. B
| ‘Returning to the three problems mentloned at the start
.of ti.s section, we see that Q dependent structure fnnctlons_
should indeed be used in the Drell-Yan annihilation formula.
Vthéy‘shouid be the same ones measured in deep;ineiastic reac-
tions 'Second the'various3constituent scattering graphs .
7 drawn in Flgs 8. and 9 are not neglected. They generate the Q2
dependence of structure functions, and they are automatlcally :
:lncluded in the annzhllatlon term of Fzg 1 when - Q dependent
:’structure functlons are used. Flnally, a unlque prediction of
QCD graphs, such as those drawn in Figs.8 and 9 is that they
generate relatlvely large transverse momenta. This leads to.
" an answer te'our third probiem,.as discussed in the mext section,

and relates the size of scaling violations to . <§T>'
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V. TRANSVERSE MOMENT(M DISTRIBUTIONS -

In Section IiI,A‘i disEUSsedfbriefly theiavailabie'data~A"
on transverse"momentnm distrihntionsjand introducedApossihle
interpretations Two contrlbutlons to the transverse momentum
(pT) of the lepton pairs may be 1dent1f1ed I:label one of
these components the conflnement plece Because the. gquark,
antiquark and gluon const*tuents are conflned in an 1n1t1a1
hadron of finite size,: they have some ° dlstrlbutlon in their
transverse momenta K, ‘with <kT/=’6QO_MéV’LaS discussed in
Sec. IIi 4, When‘these distribntionslin':k'k for the quark'
and anthuark are 1ntroduced into Eq. 1y, and convoluted as
in Ref. 14 the lepton pairs are produced Wlth non-zero <pT)
as shown in Flgs 3 and 5. The second component of the pT
distributlon is the "hard scatterlng part. 'If the constltuents
scatter "before" the vlrtual photon 1s emltted as in Flgs 4 |
8, and 9, the photon emerges w1th relatlvely large PT In
the hard-Scatterlng approach the bulk cf the transverse momen- ,
‘tum of the photon is balanced by a jet of hadrons from the
‘recoillng quarks or gluons; as sketched in Flg 12, (1If asymp-
tot1ca11y free QCD can also be shown to lead to confinement, ~

‘ﬁthen the two components I have diStinguished are really not
'ijdistinguishable Since proof of confinement does not exist.,
I will assume that the confinement and hard scattering contri-

butions are physlcally dlstinct. Theyrmaypalso hbe distinguished

- experimentally) ‘ _ )
i R N Conflnement. tn sec.jlil.'Fermi,mOtion arguments were




‘used to estimate that confinenent‘provides {kT)qc 600 MeV.
Similar reasoning would suggest that quarks and antiquarks in
the;sea have greater values of (kT> than the valence component.
This'idea could be tested most directly by a comparison of '(pT>
in PN and pN reactionms. Because the DN process is'dominated
- by valence-valence annihilation, we should find <PT>pp <pT>pp .
Unfortunately, it is unlikely that data will be available soon
.from pK -+ uEX with values of M35 GeV. The reaction R~ ueX -
is;also dominated by falence—valence annihilation at large enough'
.valueéAof' M. ﬁowevet. comparisons with pN reactions are dif-
ficult because confinement estimates are likely to be different
forApion and proton‘systens;v The dataz-'indicate that <pT>wN>
<pT>pp at the saﬁeilebton pair'masses:and'beam energies (at

225 GeV/c, (pT)tN:zl.Z_GeV;:et.QOO.GeV/c, {pT>Pp==1.0 GeV, both
for M >4 GeV). Another question concerns the possible x de-
pendence of <kT>f This uncertainty translates into uncertainty
about the expected’ M and xp dependences of <PT>' The simple
factorized form chosen in Eq.(6) is snrely not correct, but its
"prediction” that (pT) is independent of coth ﬁ 'end__xF does
agree with, for example, the 7p-+uuX data® at 225 GeV, where
<pT> is independent of x; over the large range .0 <xp<0.6.

It would be valuable to have specific predictions from confinement-
" (bag) model calculations to compare ‘with the data. '

One point on which the confinement- .and hard scattering

‘approaches-differ is in their expectatipns forythe s dependence
of the- pT;.distribution; 1f both xp " and ' M//5 are fixed,Athen

e,the_Quatk and antiquark longitudinelwfrecticns xlf'jndg x5 grel



"+ fixed in Eq.(l). Under these conditions, confinement models -

: .ghcu_ld predict that . { p,r) ‘is indep'endent'of s. This is not
‘_fi:-'"rue‘ in rhe hard scattering approach, as described below, and
‘ 11: appears noz to be true 1n the data e:.t"aerl, c. f Fig.13.

2. Hard Scattermg COmponevt 12, 13_ Because QCD is not a

. .soft f:Leld theory, there is no cutoff in the model, and ! p.r/
mcreases in unboumded fashion with whatever momentrum variable
sets the dynamical scale. It J.s expected therefore, that -

(pT ,: shou.sd have tne form]?’

<p.r) = a+b lelog a2 n2)

Here .a and b are funct1ons of the da.mens:.onless ratio M//s.
AﬁThe funct:r.on a. 1s the confenement contnouf'lon -and the term
4 b M /log (M_? /A _)4 represents the QCD expectat:.on Th2 scale para-
meter A ofu,t.l'_t_.e, theory is in the range 0.5 to 1 GeV. The full
M dependence of "Eq .(16) _requires knowledge of b(M//5) which may

be calculated expl:.c:.ty from. QCD d:.agrams, as shown below -Since

B (pT ;) 1is observed" 2 to be nearly mdependent of M in the range

5 <M<12 GeV b must be rOughlv of the form (s/l’z) in this range
" of M. S : :

Based on hls QCD calculat:.ons Politzer13 proposed that v

'»-quarks and anthuarks be assigned the mean transverse momentum

<k‘1‘> 00 9 +— Mz(l-x)

16 log (MZIAZ)

. w:.th A= 0'.>5 GeV Ath- 0». ' x"’- M[-’Ef, and», ; therefe‘re"!, Poli‘_g:zef—"!s_ '

(16)

- an
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approximation for b in Eq.(lﬁ) is:

b= %(1 -M/VB) .

| ‘At 400 GeV/c and xp =0, ‘this prediction provides a curve for
. <p%> versus M -which rises almost linearly from 0.7_(;e‘\l-2 at
M=5.GeV to 1.9 GeV? at M=13 GeV, in clear disagreement with
the data,shown in Frg.3(b). ‘Politzer’'s appreximation was based
) on' an analytic approximation to the QCD graphs, valid only in the
{limit x-1. Since the dara lie in the range 0.2<x<0.5, the dissgreement is
d: not suqn1s1ng - As descrﬂmaibehua a complete numerical study of the same
_ graphs leads to more satisfactory agreement with experiment.
S Beg:.nn:.nngth Eq.(16) and drqpp:.ng the slowly varyingslogM‘Z'

factor, we may deduce that
) 2 ~
(p.r> - a+bs,

-'shere 3§M2b/s is a new fu:nctinn of M//§. We conclude that
at ﬂxed M/ s the QCD portion of ‘\pT) is pred:l.cted to grow
linearly with s. This may be’ contrasted w1th the expectat:.on of
a constant (p.r) from confinement.: ,

‘ Data ava:l.lable on the energy dependence of (pT) in lepton 4
-pair product:.on at y 0 are shown in Fig.13. The Fermilab dataj‘l

'from 200 to _400 GeV/c show the rise expected in the hard Stettering_

(18)

a9

'approach The ISR data5 are taken at a different veiue 'bf M/ /' and . -

' ffa d1rect comparison with the Fermilab results is . therefore not pos-

s:.ble However a rather large variation in the M/J' dependence of N
‘ b in Eq (19) would be required to ~accommodate both the FNAL and ISR ,
results It will ‘be interesting to see whether the values of <PT>

-”ivi’f"observed at: the ISR increase when greater statist:l.cs are acclmulated.. -




28

‘3,V Agylicit Calculation53 I turn now to:an'explicit

lvcalculatlon of the contr1butzons of the hard-scatterlng '

Agraphs snown in F1gs 4 and 8. Graphs s1m1lar to those in
ﬁFlg 8" glve rise to three-jet events in e+e -+ hadrons and in B
| deep 1nelast1c processes.such as p-»u.x. Here I am inter-
1:ested in the contribution which the graphs make to the pT
«d1str1butlon of d11eptons in hjh 2"1 27X, )

-After a sum over the spins: of the f1na1 quark and of )

theitwo-leptons. an integral over the phase space of'thev
' lepton'peir, and anAaveragevoner the initial quark and

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

' scattering amplitudes in Figs.8(a) and (b) is found to'be25
|akj? _[ M, 12 aa
Cc spins, VCOMPTON
' color : :

(20)

-2M% 4 202 (G48) - (ﬁ2+§2) ]
5@ MZ :

u.
o)

2, \3.2
cqi(4n) a_as-[

'1Inc1uded in Eq (20) is the appropriate factor (1/6) for the
_ sum and average over . color indices.. The fractional charge
' ]cqi{ of- the quark has the -values ( 1 —) for the_ 1= ‘

. . '3
-,_'(u,d;s) quarks,; The_verlables 5 and 4 are indlcated in

o Fié 8(a): .§-"‘IY(P "‘Pi'G)z. and u'(p -p )2 I assume that

ithe quarks and the gluon are massless The constant a-‘1/137

and in thls report I f1x Gg -()3 independent of Q 'ﬁy

- results are not changed in any significant way if I instead

R .choose ag =1/103(Q /A ).
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After a sum over final spins, an average over 1n1t1al
splns, and an 1ntegratlon over the phase space of the lepton

pair, the absolute square of the sum of the annlhllatlon

amplltudes in Flgs 8(c) and 8(d) ylelds

‘E- Annlh I

splns
color
.32 2 a® 1 20 (R4) - ©248D) : vy
(477) - . . (21)
27 ql %s -t GMZ .

Again, the appropriate factor (4/9) for_the sum over colorrindiees
is included in Eq.(21). The variables £ and 3 are indi-

cated in Fig.8(c); 3+T +3=M°. Note thar the definitions of §,

£, and @ differ in Figs .8(a) and 8(c). '

2

The cross-section do/dM°di for the process q G-»(z |3 )q1 '

is obtalned directly from Eq. (20) as

d7o; 4 : . = -
i 1\4 1 i 2 .

—— ) A . : (22)

am?da - (2“) 1632 ¢! :

: L1kew1se the cross- section for the process q. q -+(£ £ )G

ls obtained directly from Eq (21) as
@of v o I (23)
= (o= , . - : 23
c_lMZth (2“_) 16‘2 1A ‘ S | |
o ;‘Quark lepton, and gluon masses have a11 been neglected 1n
-‘Eqs (22) and (23). o '
e To f1nd the contributlon of the Compton graphs to h h2
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V%JE o x the expre551on 1n Eq (22) must be multzplzed b] the

'“zh“’probabzlltles that quark and- gluon conscztuencs in the lnltlal

r,im;hadrons carry 10ng1tud1na1 momentum fractlons' %, and xz.

b respectIVGIYr and then an 1ntegra1 performed over 1nessent1a1

n variables I find

- d?ﬁhlhz.*ﬁ 2 ’_‘) f kg d"l k-rz""z q1/h1("1 n)
o aéo C |
Pe/h2 <z Fp2) ( prern

)dnzd + (Qe2) . (24)

In'discussing thé‘ﬁa;d scattering contribution in this report,
‘.1°shalllignore thertransverse momenta associated with confinement.
‘- 1 se,t_,?q /nilq(xl)o(ﬁ,ri)' anq Pg/n2 =6(xy)8(ky,). Smearing

effects in the'pT‘spectra"associated with the finite values -

| :of <kT1> and <kT2> are tnerefore ignored here. The gluon
. probablllty G(xz) . is specified below ’ ’

Transformlng varlables in the 1ntegrand of Eq. (24), I find

_ that

o .&iéﬁ:ﬂﬁ_ - %y dedeT q LT sy
R [x +M__+pT]%[2 ?i]; -
FP qPZ

lszere P -is the c. of . momentum of the overall collision o

”'ﬂj;(P==/—/2)"and xq' is the fractlon ‘of longitudinal momentum

'f‘ﬁ§j'carried by the f1nai unobserved quark The Eq (25) may also .

L be wr;tten as;>
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L ~ XyX,dydpydx TS
Adxldxzdﬁ - 122 2'1'2 , (_26)"
: (x +pTIP )% A
L Combining Eqs. (20), (22),‘ (24),. a.nd (20) I obtain the follow:.ng S
. contribution from the Compton graphs to ' h hz-. gt p_ X
: A : 2e .
' 3 dx d of
dcC : f
i s q(x)+q(x)xG(x)
: dM?'dp2 i§1 [xl +p2/P2]’5 1[ 1T 1] 27 2 szdu

+(1.‘?’2)

In Eq. (27), M, -.pT' and y are the mass' transnerse nomentnm, and

.- rapidity of the pair of leptons, Note that in Eq (27) 1 include
.:the contributions of both qG-»yq and qG -+ vq. ‘.:-.: f.rsr tom T
o the ""u«.t..C"l rerresents the orocess i'- "h* ch the ‘cuark .cr o
‘antiquark emanates from- hadron 1 and the gluon from hadron 2.

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

K s-xl 2 ‘ and i in the explicit expression for dzc/dHZdu in o
,:;'Eq (27) may be reexpressed easily in terms of my ehosen set

PIZ PT’ ¥y and xq " This tra.nsformation d:l.ffers slightly for ‘

o the second term (102) 'I‘he :Lntegral over xq in Eq. (27) rpns

: q"
_this 1ntegration can _be handled well numerically

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

For the annihilation process ~in which hth -»z L x via the

':'.'.process qq-»GR. E I der...ve '

2 A

U ————— ) ququ = “2)- - ‘
k".r.dM,zdp%dy“ fi'l.fi 2+p§/P2|3 174 1 2 iz db&zdt S i

@n
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The first*termfof Eq. ‘(28:)' 1represents the process in which the
quark emerges from hadron 1 and: ant:l.quark from hadron 2 ‘These

-Av'.,.“'roles are reversed in the term (1 02) '
d_ Results 1in millibarn units are obtained after the factor
0 3893 is inserted on the right ha.nd side of Eqs @7 and (28)

4 Scalin&Properties It is instructive to examine the

»'behavior of Eqs.(27) and (28) as functions of s and py. For the

- Compton scatter:.ng-processk, after introducing the c.of.m. scattering

~angle 9 Betw_een the initial quark and final virtual photon, I
reexpress o o ‘ , . S
| | i=-2-w¥)@-cos0), @9
. .2 P i . ) . : ‘

and

Py = 3o (s Wy sine . @

" The scaled transverse momen tum X is defined‘-a-s
Note that sin & for cos 2] is a function of the scaling variables

’xT,‘M//s_. and of nl and 5:2 . Rewr:.t:.ng Eq. (29) I. obta:.n

2 28 , - S
O =- - . (32)
: u pT (“ - 2) (1+cos 9) : .

: The Compton scattering matr:.x element, Eq (20) may. therefore
L ’:‘be expressed as . . B o

IACIZ - —gc<xT.M//‘x1 2). <

P 1where the funct:.on gC depends only on scaled quantit:.es xT;

e M//' Xy and x2 A Likewise, the annihilation matr:Lx element, h

Eq (21) may be written as -

e '2’;' gA"‘r-W' ‘1"2) B D
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Analyzingfthe Eqs.fZJ) ena (28)'in eihilar fashicn, I find that

c . : -
do ,

— £ (%, M//E,Y) _ (35)
alapday szpz g /R » |

‘gpdt

: A
do . .
: (%x.,M//5 . - (36)

: 23,2 2 2 A xT : , _

'dM dedyA ‘s pT ) , : A

- The:fectpr 5-2. in'Eqé.(BS) ahd (36) comes from the g~2 factor
in Eqs. (22) and (23). The functions f, and f, depend only
on yi aﬁd on the scaling-variables X and M//§. Both fc

and f are regular as pT-rO

v The Eqs (335) and (36) show that the Compton and annihila-
tion cross sectlons dlverge as’ pT? as pT->0. This (infra-red)
» behav1or is evident in the explicit numerical results shown in
.Fig.14, and.I‘will return to its r;mificetions below.

'In the classical Drell-Yan mcqelidiscﬁssed in Secs.II and

. III,'the:ecaling prediction is of the form:

" ‘Classical Model Scaling  s°—99_ = fo(M//E.y) . (37
B ‘ | szdy 0 . |
'j,Presumably at. flxed small P> 1n the region of transverse
AT:momentum where confznement effects control the pT' spectrum.
‘j:Eq (37) 1s replaced by
5242—"1—— 05y - L @38)

-aM dyde : : S :

small pT s

e ontrast. 1n the hard-scattering region. where the Compton ﬁ
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and annlhllatlon proaesses are domlnant the Egs. (35) and (36)

"'i;demonstrate a very dlfferent scallng form

Hard Scatterlng Scallng s __5__5_- fl(MlJ' v, xT) B
T ) aM dp.rdy
large pT

- The 's? factorvof Eqii38) is replacedeby s3

dependence on the rlght nand side of the equation enters as a

, and the ‘pi

dependence on Xy = 2pTl/_
The Eq. (39) is a general consequence of the hard-scatterlng
.assumptlon.,and its verification in the data for pT:.l GeV is
.a critical test of whether the hard-scattering mechanism ls
responsible for the "large" values of (pT).seen-in massive
lepton.pair production In the "confinement" or "infra-red"
region of pT<:1 GeV, the class1cal form Eq (38) may hold.
However, for pT>-1 GeV the hard-scattering expectatlon Eq. (39)
should set in. Tests of the hard-scatterlng prediction in massive
lepton’ palr productlon should be cleaner than in h:l.gh-pT hadron
productlon reactions because in the lepton pair process .the whole
Jet is always captured Absent are the compllcated smearing
’effects assoclated with the quark decay 1nto hadrons. 26
The dlfferent energy dependences represented by Egs. (38)
and (39) are 111ustrated in Frg 15 I have plotted the expll-
- eit numerlcal reSults of my QCD calculations which satlsfy

_qu (39) perfectly. as a function of pg, for f1xed M//s = 0.265.

'If the QCD explanatzon 1s correct the cross-section 8 ds/szdyde_i

\ : 1n the react:Lon pN+qu at MI/_ = 0.265 and y=0 should
“;‘increase by a healthy factor of 3 at pT = 2.5 GeV when the lab

39




momentum is 1ncreased from 200 to 400 GeV/c. "This dramatic
'predlctron of the hard-scatterlng approach Should be ver1f1ed
;soon. It 1s not SubJect to some of the ambrgurtles discussed

below assoclated with QCD predlct1ons for the moments <pT> and

‘7(PT>

f5.__Infra-Red.ﬁivergeuce.and Comparisons with Data. I now
address two_prbblems uhicﬁ;beeet all atteuuts to compare'caicula-
tions.of QCD processes with experiment.; Iu'QCD perturbatioh,theory,:'
the quarks and glubns are treated as if;they are'free_and can |
emerge from their parent hadrons (c.f. Fig.4), whereas in Nature
they appearfto be entireljrconfined.' In comparisons with data,
we must deal somehow with the uon-perturbative effects'which
provide or are associated with confinement, or else seek tests
-~.of_QCD'which are inSeusitive to the nonpnerturbatiue effects.

.As discussed earlier confrnement effects are expected to be
domlnant at small values of PT' but they w111 also cause some
smearing of the pTr'spectrum at 1arge Pp- Secund perturbatlve
QCD is subject to 1nfra-red d1vergences analogous to those which »
are present in QED The 1nfra-red problem,ls manrfested in Eqs.
(35) and (36) by the pT2 dlvergence of . the equatrons When »
the momentum carried by the massless exchanged quark in Frgs S(a)
or 8(c) vanishes (1.e. when the quark-goesxoufshell) the cross-
section becomes 1nfin1te These twiu-probiemsibf"confinement .

and 1nfra-red divergence in QCD are not unique ‘to the lepton parr
production process. They are also faced elsewhere, for example.“:

in calculations of jet effects in e+e -+hadron§ﬁ27
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One 1esson of the solutlon of the 1nfra-red problem in

:QED 1s that the dlvergences are mastered if we deal with cross-

i-ﬁsectlons deflned with sultable energy and angle cutoffs. This

28 When the wvirtual photon

‘presumably will also be true in QCD.
carrles3small-pT, events assoclated with the processes represented
A in Figs.4(a) and 4(b) cannot be distinguished experimentally
'fram‘those due to Fig.l. At small Pps the final quark in Fig.k(a),
or the final gluon in Figtk(b), is not outside the region of phase
,space populated.by the constituents which have'stayed behind and
fform;the debris of the parent hadron; h2.- Ihe processes in Fig.l
and 4 are not incoherent at small.pTg'and.it would be improper
to add cross sections. Coherence effects are 1mportant, and one -
should deal with a _sum. .of amplltudes - a problem of both 1nfra—tﬁ?7
':red and conflnement complexlty as yet beyond the reach of theor1sts.

» The sultable "energy and angle cutoffs" in the problem of
lepton pa1r productlon correspond to a- select1on of Pp 1arger

than some cr1t1cal value. Below that value CTross- sectlons com-

puted in QCD perturbatlon theory are 1napp11cab1e not only

. ';because of the1r 1nfra—red d1vergences, but also because of the

;'more serlous (and related) neglect of coherence and conflnement :

“'effects When the v1rtual photon transverse momentum is abovev

tﬁthe cr1t1ca1 pT, the processes represented in F1g 4 should dom-;h :

:E_lnate -over the rap1d1y decreas1ng small pT spectrum assoc1ated

S ‘with Fig 1

'V“f;I add two f1na1 remarks before turning to a discussion of
"imy numer1ca1 calculatlons When an. 1ntegral is done over p% ,;’f}q‘

,:the pT2 divergence of Eqs (35) and (36) at small pT glves.j;pfffz
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- ‘frise to a logarltnmically dlvergent @ log(Q /p‘) contribution to
- do/dM dy This is exactly the scaling violation contribution A
in first’ order in as, discussed in Sec. IV. Second, in a some-
what different hard-scattering approach to massive-lepton pair

12 introduce a large

: production, Blankenbecler'and collaborators
ﬁuark“mass (;1 GeV). - They use diagrams similar to those in-
‘Fig.4, with tne gluon replaced by a scalar meson Owing to the
large mass in the exchanged quark propagator the pT2 diver;

-;gence of. Eqs (35) and (36) is avoxded " While such a large

- quark mass is perhaps hard to motivate, the phenomenological
result*is tojprov1de a. Pp distrlbution_w;thout a divergence
:near .pT-:O" The quarkAmass of 1 GeV-plays the role in the
;Blankenbecler model of the ~1 GeV confinement cutoff which

'1,I use. v ‘ - o

6} Spec1fic Parametrizations and Data. To obtain specific

\ffnumerical results it is necessary ‘to choose expressions for the
_ "gtquark antiquark and gluon densxties which appear in Egs. (27)
.?gffand (28) For the quark and antiquark den31*1es I use the
’"structure functzons of the hybrid modei I presented in Sec. III.6
- and in Table 1. As discussed these funotions fit data in- the
_ ‘range M//_ from 0.2 to: 0 5 GeV ﬁhiie‘only functions of - x;"
>'~?and thus ‘of a scaling form, they are; to be understood as effectively
ELQZ dependent valid in an average sense in the range 25~<Q2

150 GeV2 " Because the structure functions thus include some QCD "‘cor-

r;rections to order g and higher the Compton and annihilation

:'cross sectlons ‘I present are ‘not’ purely of first order in e
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"';but”aleo include some higher order effects. There is no way to --

uav01d this 31tuation since there ‘is ‘no way to measure structure

;‘functions which do not include Qcp "corrections" to all orders

For Lhe gluon denSit}. G(x) in Eq. (27) l}choose

' ,the parametrization -

'xG('x(:);A _=' prl “_(‘1 -x)P |

i

»where tne power p Iis the only free parameter“ oi my QCD
.calculations The parametrization in Eq (40) is normalized so
that 50% of the nucleon s momentim is carried by gluons ' To
determine the power P, T require that the QCD model yield a°
veriation of <PT> ‘which is independent of lepton pair mass M
in the range -5 <M< lO GeV as is observed in data. 6 This
requirement fixes ip= 5 or 6 in Eq “0). Higher (lower) power;

of p result in a deﬂrea51ng (rising) curve of (p ) vs. M.
The calculation of <p > is discussed below. .For-all results
presented in this report I fix p 6 ’

" Results of my explicit evaluation of Eqs (27) and (28) are
Vconpered with data in Fig 14. . I show: data only for the mass
interval - 7 8<9 GeV, but the comparison is qualitatively simi-
lar in other regions of M. Evident ianlg 14 is the pT2 diver-
gence of the theoretical curves at small P In_the region 1 s

T
. .egnitudes. the Compton contribution is dominant at large Py

The solid curve. is obtained when the Compton and annihilation .

<2 GeV ‘the Compton and annihilation processes have comparable

@)
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| cross sections are added incoherently. As dlscussed in ‘Sec. V. 5
.-below a given critical PT' which I expect tc be about 1 Gev,.
the perturbatlon theory curves are inapplicable. In the reglon .
T’< 1 GeV, Vconn.nement effects which aré outside the scope of
the theory ehould control the~exper1mental dlstrlbutlon'and also .
_remove the infra-red d1vergence. » In the reglon p.r> 1l GeV a
compar:.son of theorv and exper:unent should be meaningful. Two
problems are obV1ous in Flg;lb. the theory curves are a factor
of two or more below the data in absolute normalization; kthe
shape of the curves may be qualitatively incorrect, showing up-
ward curvature instead of> the oownward trend of the d-ata".r In
the calculation I assume that the iuitial ‘constituents in the
'scattering ‘carry no transverse momentum. It remains_ to be 'showu
whether smearing effects in- —b.r obtained by assigoing"norh zeyfo:v
'\k > to the initial quark ant:.quark and gluon constltuents ;
improve the agreement of theory and exper:l.ment s:.gm.f:.canﬂy -
The energy dependence of the theoretical dlstrlbutlon is
shown in Fig.15 at fixed T -les-() 07 - This value of T 1s
selected in order- that the associated values of P’ be both )
_acce551ble experimentally for laboratory momenta in the Fermllab
and °PS energy. ranges and in the relevant contlnuum reglon of
M between the J/w and T families - As emphasized in Sec. V. 4
the factor of three increase of s do/dx dede at pT~2 .5 GeV |
- predicted by the theory is a critical test of the hard-scatterlng
) ’assumption In Fig 15 the solid curves result from add:.t:.on of

-the Compton and armihilation cross- sections.
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o 7. Moments. In the search for cheoret1ca1 var1ab1es and
f,dlstrlbutlons whlch are insensitive to the infra-red, conf1nement,

'_and other non-perturbatrve problems of- ‘the small Pr region, it

- is. 1nterest1ng to con51der moments (pT/ of the Pp dlstrlbutlon.

,0w1ng to the relatively large stat1st1"al errors ‘in the data at
A large Pp» only the flrst few moments &1*1.2) are mean1ngfu1

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

section dc/szdy' has‘an eXpansion_in og of the type

do - - 2
2dy = UO(M,y) -’-asol(M.y) +us<72(M,y) +...

oM, y) =

' The first term in Eq.(41) represents the basic zero'th order
classical Drell-Yan process of Fig.lt We may also consider the

integrals

. 2
dMZdydpz> jr T szdydpz)

B As in: Eq (41), these have an - expan51on }

. '/ n )
» -0 —————— +0(t!

L 7In’the'approximation'in'which the'hadron constituentsfcarry no.

;~1ntr1ns1c transverse momentum, the first term on the rlght hand L

'_;1s1de of Eq. (43) iz zero. The second term on the rzght hand szde:”
.f;,a‘of Eqs (41) and (43) 15 prov1ded by the Compton and annihllation
"d_>processes, Eqs (27) and (28) : In splte of the pT2 divergence f

'7'd1sp1ayed in Eqs (35) and (36), the second term on the rlght hand.

(41) -

(42)

)



:'-,ment region of pT<pT crit = 1 GeV where the. perturbative calcu- .

| “{: 1atlon is :Lnapplicable One way to. handle this. problem would be to

41

side of Eq.(43) is finite for all n: .1, LoOki”t'ig ‘ahead to L
the possibility o*'= adding later non-perturbat:.ve and confme- ,
ment effects in quadrature, on_e is led to_concentrete on_the

- second moment, with n=2. Ve may investigate the'_f-'ini?te '

ratio R,y def:.ned oy

<T dﬁzdydp.r>
o(M, y)

R2 - (44)
In this ratio, the deno_minator is the full cross-section gi'ven :

»ih-Eq. 41l); it is a measured quantity. Formally, we might con-

sider replac:.ng o(M,y) in the denominator of R2 by the zero'th
.order term % (M,y) of Eq. (41) 'Ih:l.s would change the value of

2

R,y .only to order ag - Thus, R2 prov:Ldes a fine definition

of the first-order perturhat:.ve Qch contr:.but:.on to the :noment

(p2). o |
' _ 1s Rzr a quant:Lty wh:Lch is :.nsensitive to mfra-red and
_ _f‘non-perturbat:.ve problems" It is’ clear that there :.s no ‘
:.nrra-red divergence in the calculat:.on of - R2 tne p.rz behevior o
of the cross-sect:.on is exa.ctly eompensated by the p%" ihsert:.on. ]
i and the mtegrand is well behaved .'Eor all Pp: However, it is
i not so easy. to d:Lspose of other non-perturbat:.ve problems If _ |
the 1ower lz.m:.t of :Lntegration in Eq. (42) extends to pT-D as - .
is usual :.n the defin:.tion of moments, then some contr:l.bution . o

to the answer necessanly comes fran ‘the non-perturbat:.ve, confine-

- defme mcomplete moments in wh:.ch the integral is cbne mly for values ‘
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d""of Pr> pT epie =1 GeV To make Asense tl-'xis‘ would have to be

’ done also for "he cross section appearing in the denom:.nator :
~of Eq~ (44) - Im this report I set. this confinement problem as:.de
A‘and I adopt R2 in Eq. (44). as ‘the proper definition: of (p.r>

. in first order QCD with the lower limit- of integration in Eq (42)
extended all the way to  Pp= 0. '

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

‘ dnzdyde ) s . _ _
Inasmuch as the denominator of Eq (44) satisfies the classical

scaling property s c(‘i y) = f (M/ Vs, y) I conclude that

N l(M//' y) , 46
<pT>'QCD"'» R2 hy o(M/:S ys ¢ )
s_This lznear growth of \PT>QCDV w;th s at fixed M//S was

_' discussed above on more general grounds ‘The present ana1v51s

. prov:.des specific (model-dependent) predict:.ons for the cceffi- -

: ”.".v"’clent b in the general formula \PT>’3+bs

‘I'he results I obtain for . <pT>QCD are shown as a function

. of mass in Fig 16 for the reaction pN=uiX at 400 GeV/c and

y= 0. For M 7. GeV the Compton and annihilat:l.on processes each’
i :'prov:Lde <PT>QCD= 0.4 Ge\l2 ‘ As shown in the figure, ‘the sum ‘of -

e two QCD processes yields a curve. of (p.r> which rises rapidly

'1""~with M flattens off in the range 5 <M< 11 GeV and then begins

e _3to drop es M is increased further. As remarked earlier the
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.shape of the Compton contribution to (p%}ch‘ vs. M is

.nilnfluen»ed by the choice of the’ pover p in Eq.(40). If I

4'qselect powers smaller (larger) than my value p=6, the Compton

fcontrxbutlon in F1g 16 will rise faster (fall faster)‘with' M

"than the result I have shown. The shape of the ann1h1lat10n
_:contrlbutlon in Fig.16 is flxed since the "structure functions
' q(x) and q(x) are both flxed .

» To my knowledge there are no other emp1r1ca1 determinations .
of the power p of the gluon d1str1but1on . If this QCD analysis

of the M dependence ‘of <PT> is accepted as a relevant con-

r‘stralntv the power. p= 5 or 6 is. determlned for the first time.

Th1s power places the slope in x of the gluon dlstrlbutlon
?somewhere between those of the valence and sea- quark d1str1be- L
-tlons, wh1ch seems reasonable.; k -

7 The net QCD contrlbutlon 111ustrated by the dotted llne in |
'-;F1g 16 represents only about one half the exper1mental value of

: (pT> at 400 GeV/c. To reprcduce the data 1n the range - 5 <M<

- flO GeV 1t lS necessary to add ~1. 04 GeV .to the QCD contrlbu-, f

o :'t1on Thls add:Lt:Lon may be assoc1ated w1th the rm-Pertm'batl"e and

‘L: conflnement contrlbutlons whlch I set a51de above Thus,jI erte ]-

<:>‘1T>,=,, L ow;<i"»‘¢>acn"--;~k A -

‘thhe conflnement port1on may depend on the rat1o (M//-) but- ShOUId

v"fbe otherw1se 1ndependent of s In thlS report I take 1t to be B

”.hlﬁa,pure constant. The result of the addltlon of : the QCD and con—ft

L fhfinenentueffeetsrls.shown as the $°11d,11n¢‘1“'F18r155' -
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N The test of these QCD calcslatlons and. specalat1ons 11es
1n the . energy dependence of <pT> In Flg 17, I provide my '
iexpectatlons for <PT>QCD in the Fermilab and SPS energy range
':;A_rather flat behavior is ‘obtained for the dependence of <pT>.
Aii;?s; M' atvall energies. The slope b nhich I calculate in the
_ ;expre831on (pT) = a+bs  is shown as a functlon of M//— in
| Fig.18. It has a maximm value of b=1.15x10"3 Gev'2 for
' 3;§u774?¢0 3 | The results—of my explicit calculatlon of b(M//s)
- Ttpldo not resemble the analytlc form (1 - M//E) guessed by Polltzer13
Lfff‘H1s form ls va11d perhaps 1n the nelghborhood of M//s=1.
‘,;_v-,' At a value of M//E-O 1 typ1ca1 of the ISR energy range,
8 bi"‘-’:_'fmy slope is b= 0. 74x10 -3 GeV . Thus. at /s=52 GeV and .
':ifM/./'~0 1, T predict <p'r>ISR'1 04 +2.00 =3 Gev?, and <P'1‘>ISR
1.4 to 1 5 GeV. These predlctlons are about 50% higher than

’the ISR data shown in Fig.13. It is important to conf:mn the

:'?‘TJISR measurements thh data of higher statistlcs

A sem1-emp1r1cal method may be adopted to obtaln the f1rst

6,1

'wfvmoment <PT> The experlmenters report that the1r data are ’ﬂi:ﬂ 3

well »f1t_t_ed hy_the expression -

Ed—‘;';-e(n)(u »T) | | . N - s

‘fwhere the‘value of A changes with energy but not with H This:‘

_!f1t'1mp11es that for a11 A

<pT> - -i—g—’; (p,)”E 0.859 (p >" R 72
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.{;Starting;with my results for -(p%}:il.OA-f(?%)QCD?-and‘using__t.x
= the experlmental" Eq. (49) I'derive the values of Pr shown
'f in F1g 19. The agreement with the data at 400 GeV is excellent
4f‘(by constructlon) The neW‘feature of F1g 19 -is ‘the predlctlon, .
: g.of <pT>th"1 03 GeV at 200 GeV. ~Thls is in flne agreement wrth"
vvhthe experlmental value1 of (pT)epr-l 00 ."0.05 GeV. Thie com-.
::parlson suggests that the QCD graphs reproduce the energy depend-,»”
k‘ence of (pT> very well, and it encourages more prec1se ,ests:ﬂi'
- of the energy dependence predicted by the model ‘as 111ustrated
’~i1n Flgs 15 and 17. ’ ' L
) It is relevant to ask whether the value 1 04 GeV2 s a-
reasonable -amount of (pT> to as51gn to conflnement" effects
'_Apportlonlng it equally between the two 1n1t1a1 constltuents,::
‘1I f1nd that each- const1tuent carries (kT) 0 52 GeV2 This_i‘
1mp11es (kT) 600 MeV per constltuent similar to the value.
_wh1ch I suggested earller\ehould be prov1ded by the fermi motlon
of quarks w1th1n a hadron.’ The value 600 ‘MeV is also approxi-~

:mately the mean transverse momentum of p mesons and of "c1uaters
.produced in 1nc1u51ve hadronlc reactlons 29 F1na11y, it is ; ‘
hlapproxlmately the amount of 1nterna1 transverse momentum whlch
_ zlS assxgned to the constituents in- attempts to fit detalls of

» h1gh pT hadronlc data.zei In view of these arguments, the value

of <pT>conf1nement = 1.04 GeV does not seem too large

- Although I have dlsctssed moren 5 at some: length, l,bclic?c :
-that_they do not prov1de a sen81b1e_test of QCD perturbation :‘ |
* calculations. -The anawers:in both the data and model calcula-

~ tions are much too influenced by the non-perturbative region
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. A ’ -V- » £ -
;qwhere pT pT crit =1 GeV.‘ If one is in need of a 51ng1e

:fparameter for confronting theory w1th exper1ment then per-

”'haps it 1s best to fit do/dM?dydp% to a 51mp1e form, say

>'.fexp( APT)’~ or pT:>pT crit’ and to- dlscuss the dependence
"~fof the slope ;_7 ‘on’ M s. Y, and . Xp- I would be glad to

f~supply 1nterested readers with relevant predlctlons

’

- Antiproton Reactibns : The reaetion pp-»z ?-X serves

1n many respects as the cleanest test of the classical Drell-Yan
mechanlsm At large M, the cross section is dominated by valence-

' 7._va1ence annlhilation; and it therefore measures the valence gquark

W"idlstrihutlon'almOSt directly. Shown in Fig.20 are the scaling
'1>cross sectlons I compute with my structure functlons for both
‘:pp-+k » X and pp-+2 2 “X. ' The computatlon of the transverse
gfmomentum dlstrlbutlon of the. lepton palrs produced in pN
‘vreactlons proceeds along the same lines as for PN processes.
IntFlg 21 I present the first order QCD (Compton plus anni-
| 'phllatlon) contrlbutlon to <pT> for’ pN-*uux at 400 GeV/e
ai .and y 0 In the pN case, the annlhllatlon process qq-rGuﬁ
: domlnates and the Compton process qG-’QUu COntributes a negli- :
glble portlon of <pT>QCD Th1s s1tuat10n may be contrasted
: w1th .the - pN ‘case in Fig. 16 where Compton and ann1h11at10n con-
trlbutlons are comparable The results in Flg 21 suggest that
transverse momentum effects in pN reactlons are almOst totally
1nsen51t1ve to the gluonlc dlstrlbutlon. ThlS prov1des another
argument for the study of lepton pa1r productlon in antlproton -
COlllSlOnS Both the 1ntegrated cross sectlon ‘and the tlans-

verse momentum dlstrlbutlons are controlled by valence valence
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annlhllatlon diagrams.

. The magn1tude of <pT>QCD for” pN react1ons is comparable
| to that of (pT> for pN - colllslons (c.f. Figs. 16 and 21).
I have not been able to trace the source of speculations that QCD
~éfedi°t$ otherwise. In ny results, <pT>QCD > (p%)ggn for
M <9 GeV. | Above M>9 GeV, <p >pN becomes larger, but this
latter effect is sens1t1ve to the ch01ce of the gluon distribu-
tion. In attemptlng predictions for pN data, one must add a
jfconf1nement contr1but1on to the results of Fig.2l. Since the

conflnement portlon ‘of <pT> is not "understood", I have no

":‘reason to believe ‘that the same value of 1.04 Gev? deduced

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

Just as in other branches of strong interaction phenomenology
- the chance to compare resules from PN and PN processes in
lepton pair production would aid our theoretical understanﬂing
_considerably. . | - :,:;
9. Dependence on Xp- "In F1g 22 I present- the calculated
variation of <pT>QCD expected whal the long1tud1na1 mamentum xF of the

lepton pair is varied. Results are shown for both pN-»Lex and

_pN-»qu at 400 GeV/c - and M==5 GeV In the pN case the Compton
and ann1h1lat10n contributions are about equal for the values of |
x?' shown; this breakdown is not presented here.' To compare the
' epred1ct10ns in F1g 22 with data, one must add a contrlbutlon
-for the conflnementveffects. Thls was found to be 1.04 GeV2 1n
pN collisions.at xF=?D. The observation _ that '<PT> seems

to be independent of xé in the narrow range of available accept-
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ance 0><xF <0.2. .in PN coliisibns sugéesté that the confine-
ment contrlbutlon may rise sllghtly w1th 1ncrea31ng xF However?
. here agaln I stress taat (pT> is not a sud:able varlable fox
-tests of Qcb. Thls objection is especlally releyant when the =
calculated values of <pT/QCD"'1 GeV. The entire answer-is
dominated by values of Pr< PT erit 1 GeV where the perturbative
calculation should not be used. It would be best to compare

2 2

data directly with calculations of do/dM T for values of

dx dp

PT g Pr,erit

10. #N Collisions. A wealth of data will soon be available

. . + . 2 : .
on lepton pair production in # N reactions. Once the structure
‘functions .q(x) and q(x) appropriate for the pion are deduced
from these data, predictions for the transverse momentum spectra

will follow readily.




VI. IMPLICATIONS AND CONCLUSIONS

ObserVatioh of the intermediate vector bosons, W' and
ZO, ;he mediaﬁors of weak interactions is. one goal of high energy
experimentation which seems almost within reach. The classical
bréll-Yaﬁ mechanism has been used to provide estimates for W
" and 20 yields. 30 New structure functions deduced from the most
recent d“ta1 on pN-*qu and scallng v:mlatlons-]'g modify these |
predictions -somewhat. However, the rather large values predicted
by QCD for <PT>w would seem to have the most substantial impact
on the design of experiments. Values of the slope b shown in
Fig.lS can be used to provide the expected values of (p%}w at
energies at whlch ISABELLE of the FNAL collider may cperate. For example,
for pp collisions of 40G GeV/c on 400 GeV/e (Vs =800 GeV), and
for 1, =60 GeV (Mﬁ//E =0.075), b=0.575x1073. Consequently,:
(pT>w'*368 GeVZ,-and <pT>w-17 GeV. At energies of the proposed o
CERN pp collider,3:3% /5=2x270 Gev, with M //5-0.11, 1
caleulate b =0.79x1073 ¢ vfz. and bs =0.89x107% ¢

Therefore,,I‘prediétl

2 2
(Pply,pp = 230 GeV°,
- and _ ' 7 :
A(PT>w,pp = 13 GeV .
Likewisé, s . 4
. ' <pT>W pp = ?§°_G?Vrr;.

Camd




»Obv1ously a. cons1derab1e extrapolatlon has been made in energy ,

' ’_to obtaln these QCD predlctlons The ‘only ba51s for confi-

dence 1n them is the fact the theory appears to reproduce
‘data on (pT) in the Fermilab energy Tange of 200 to 400 GeV/c.
Restoratlon of the log (M /Az) factor whlch I neglected after

.‘Eq (16)’ would reduce my estlmates slxgh*ly On the other hand,

. experlence w1th the T suggests that resonances are produced

-

B w:th larger <pT> than the nelghborlng contlnuum

o A favored method for observ1ng the W is to detect a sharp
,p p?ak at- R%DIZ in the single yu 1nc1u51ve momentum spectrum

"The peak signals the decay W-uv. Once <pT>W exceeds ~10 GeV
as 1 predlct this expected peak is substantlally washed out,
and other more dlfflcult experrmental methods to establish the
W may have to be employed 31’32

» There are many questlors I have not addressed in this report :

whlch are nevertheless of cons1derab1e interest. Predlctlons
have been made for varlous propcrtles of the hadrons produced

33

. ln assoclatlon with a massive lepton pair. The successful

use of quark and anthuark dlstrlbutlon functlons to explaln
the x dependence of the 1nc1u31ve hadron yield Edo/d3p at

;small pT also deserves further study.Sé

Polarlzatlon pheno- '
: :.mena35 in. constltuent scatterlng processes may yield new in-

A 51ght 1nto the dynamlcs of quarks and gluons.,;

M3551ve lepton pa1r production has become an 1ndustry on
‘E;ts own It prov;des tests of several 1mportant aspects of the

—iparton model of 1nteract1ng quarks and gluons Now that the -




'.'reactlcn.
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scalinghpredicted by the claesical Drellefan_model seems verified

V;ﬁ the data,.it ieﬂtime to identify the scaling violations pre-

dicted by QCﬁ.;:The_process: pN - uiX serves to specify the

"aﬁerage sea ‘quark distribdtion in a region of Q2 much higher

- than reached so far in 1ne1ast1c neutrino reactlons ~uyN -+ uX.

" To the extent ‘that one accepts a QCD analysis of (pT) in pN~»
fqu the average gluon distribution is also determlned by this

In Sec. v, I descrlbed in some detail the QCD approach

for erblainlng the transverse momentum distribution of lepton

._ pairsi- The data from Fermilab on (p%>' can be accommodated in
| a‘QCﬁ calculation if we add an energy independent "confinement"
:contributionAof 1.04 GeVz,to the perturbative QCD prediction.
It is desirable to understand this'non—perturbative confinement

k portlon in more detail. I mentioned a few important,tests of

t :the QCD calculatlon In rough order of importance, I suggest;

l)?verlfy the energy dependence predlcted in Fig.15; |

2)‘extend the data in Fig.1l4 to hlgher pT to see whether

theory and data d1verge or converge
3):obta1n hlgh statistics data on (pT> and (pm> at ISRV
energles,' _ |

_4)‘ver1fy the energy dependence dlsplayed in Flg 17;

.5)vobta1n data on pN-*qu and ' '

6)dunderstand the' xF dependence of the Pp dlstrlbutlon,

'both the conflnement and: QCD portlons
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TABLE 1

'~ A. Field and Feynman Model
- N /- ‘
x:(*) = g\x)é§5f3k~+ xb, )€, (x)

- G x) = cos (k cos"l(Zx-l))

x£(x) xu(x) xd(x) x5 (x) 1 {x) xd(x) x5 (x)
e | -3 | a-o*fa-0f jae-00a-07 } a-x®
ag 161.579 -3.175 | o0.10 017 | 0.7 0.10

a, 225,327 -2:937 | 0.g 0.0 0.0 0.0

a 70.699 1.082 | 0.0 0.0 0.0 0.0

ay 6.761 0.674 | 0.0 0.0 0.0 0.0

by -177.909 5.607 | 0.0 0.0 0.0 0.0

b, -230.510 2.6340 | 0.0 0.0 0.0 0.0

by -52.427 | -2.288 | 0.0 0.0 0.0 0.0

b, 13711 -0.247 | 0.0 0.9 0.0 0.2

3. Hybrid Model
Derived from the Field-Feynman Model by the substitutions{for

each species: u,d,s)

xq(x) = 0.42¢1-07

xq{x) = quF(x) -xc’_FF(x) +0,42 (1_-):)»9
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FIGURE CAPTIONS

'rBasic‘bréllQYankquark-antiquark‘annihilation mechanism
- for lepton pair production in hadronic collisions, illu-

 'strated here for ‘hlhz-vuﬁx; q and q denote respectively

a qaark:and an antiquark constituent.

ISR data from Ref.5 are compared with a.scaling curve obtained :
‘frqmvthe hybfia model described in Section III.6. The model

is cohstructed to fit lepton pair data at plab==400 GeV/c,
y=0, and 0.2 <M//5<0.5,

The flrst two moments (a) <pT> and (b) (pT> of the transverse

"mpmentum dlstributlon of muon palrs produced in pp«»(pﬁ)x

at 400 GeV/c and y=0 are shown as a function of the mass’

of -the muon pair. The data are from Ref.6. The theoretical

: qﬁfVés are calculated from simple models in which the initial
.qﬁarks>and antiquarks are assigned a distribution in their

, transverse momenta. The two models (Gaussian and exponential)
‘~fare descrlbed in the text. ‘

‘(a) Dlagram whlch 111ustrates the scattering of a quark and a
':fgluon constltuent to produce a lepton pair and a quark (which,
’ 11n turn, fragments 1nto a Jet of hadrons) (b) Quark-anthuark
“}fscatterlng to produce a lepton pair and a gluon Jet

k“The 1nc1u51ve yleld of muon pairs Edc/d p shown as a function

 -~::}"-"ij pT for 5<M <6 GeV, at y=0 and 400 GeV/c. The -

t data are from Ref 6 The theoretical curves are obtained

i'from 51mp1e models in which the initial quarks and antiquarks

’w}aln:the,hadrons areAassigned a distribution in their trans-

Z;Yeréé"mbméntél Ko In one model, this distribution»ia chosen
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to‘be’an exponential in Ile with. (lk']>==0;8 GeV; in
: the other a Gaussian is chosen with (]k )==0A86'GeV
'”:rne p dlstrltat1on ir. the data at other valucsn of nass.

"'(not{shown) is also described equally well with these models.

. Predicted p, dependence of the coefficient a,_ in the

.t channel’ angular distribution do/da = [1 +a cose ] for

, 1e_p'.ton:."pairs of mass M=5.5 GeV produced in pN-+ 2.,.2_}(

',atA400.GeV/c_and y=0; Pop is the transverse momentum of

- 10.

the}2+£'i pair. The two models used ar: described in the

text

Cross section d o/dey for pN-uuX at 400 GeV/c and
y=0 . shown as a function of the lepton pair mass M. The
data are from Ref.6. The dashed curve is obtained from
the Field-Feynman structure functions, Ref.18. 1In the cal-

culatlon N= 60% protons and 407% neutrons The solid curve

. is a fit to the data obtained from the hybrid model descrlbed

" in the text.

First order processes in the strong coupling constant  a . -

Diagrsns (a) and (b) represent quark-gluon Compton'scattering

to yield a quark and a virtual photon Dlagrams (o) and (d)

represent quark-anthuark annxhllatlon into a gluon and a

virtual photon. »
Some second order processes wh1ch contrlbute to the productron

- of ma551ve v1rtua1 photons

‘Dlagrams 1n deep inelastic electron scatterlng

a) Clas31ca1 ‘quark model dlagram 1n whlch an exchanged photon

scatters from a auark constltuent in ‘the hadron N.
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"h-7b) The first order contr1but1on in which 1q-qu, where G

*ﬂf1n a proton expected for d1fferent values of Q according

b X .
[

';;513.a
jlab.momentum. The FNAL data~(from Ref.l/ are from the reaction

.:Smlth Ref 7, w1th the scale parameter A =0.5 GeV

is a gluon

'3‘c) The first order contribution in which the exchanged

photon scatters from a gluon in the target to yield
quark and. anthuark systems in the final state.

The» X dependence of the gluon and sea parton d1str1butzons

:ffto QCD Thls f1gure is adapted from Hinchliffe and Llewelljn

2

purt (u) the process is shown in winich n1.2->uua via

'the c0nst1tuent scattering process qq » yG. The transverse

momentum of the y is balanced by a gluon Jet In (b) the

c. of m.. d1str1but10n of particles is shown in the final

,.state. The dashed_llne indicates the longitudinal axis of
’-"‘-thé ori'ginal collision. The forward and backward jets re-
’present debris from the 1nc1dent hadron h1 and h,. A

ﬂJet of hadrons from the gluon dlSSOClatlon is roughly back-

to-back w1th the virtual photon.

ISR and Fermilab data on <pT> are shown as a function of

'pN-»pﬁx “and are an aVerage over'the range. «0'2-<M/v"<0 4,

"V_The ‘ISR data (Ref 5) are from pp-*e+e X and correspond to

>V_M//_~0 1.

'Q7

itlons for thlS dlstrlbutlon The theoretical curves are

. ’Data are shown from Ref. 6 on the’ pT dlstributlon of pN-+

;aiuux at 400 GeV/c and y==0 in the d1muon mass 1nterva1

M <8 GeV Shown also are calculations of ‘the QCD expecta-

Lobtained from an evaluatlon of Eqs (27) and (28) of the text.
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An integral was also performed over M to yield Edo/d?p;i

The curves are normalized absolutely; 0 =0.3. The solid

‘curve marked "total” is obtained from an incoherent addition .

of the Compton and annihilation contributiOns; Indicated
by cross-hatch1ng is the critical pT'—l GeV below whlch

the perturbatlon calculatlon is 1napp11cab1e,.as dlscussed

in Sec V. 5 The comparison of theory and experiment is

similar for other values of M (not shown)

, Theoretlcal results on the energy dependence expected if

- QCD processes‘domlnate the reaction pN-fqu. Curves are

presentedbfor three values of lab momentumvin the Fermilab
and CERN-SPS energy range and for one ISR momentum value.

At all energies, 1=M2/s=0.07, and x=0.

Shown are values of (p%) computed according to the defini-
tion given in Eqs. (44) and (46) of the text. The short |
dashed lineAillustrates the valne‘obtained from the annihi—
lation process qﬁ}%Guﬁ, and the‘long dashed line represents
the contribution of the Comptonfprocess.qu->quﬁ. Tne
dotted line is the net QCﬁ'contribution to‘:(p%> to first '
order in us,vlt is obtalned by addltlon of the Compton and

annihilation portlons. The solld 11ne is obtalned from the

" "net QCD" curve by addition of the constant confinement con-

tr1but10n 1.04 GeV “The data are from—Ref 6 A11 curves

are calculated for the process pN->z A X at ‘Pla 5?—400 GeV/cp,

iand y= O In thls paper N is composed of 60% neutrons

and 40% protons
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7. The'first order (Comptoh plus annihilation) QCD contribution

‘ ;eito <pT> is shown as a function of M for che process

o F_Jh}ipN-»qu at ‘y= 0 for three values of lab momentum..

‘3figlﬂi8g;_1n the expression <pT) —-a-kbs, the slope b computed
.Q;;from ‘the f1rst order QCD graphs is shown as a function of
: ;jM//— These slopes can be used to. obtaln predlctlons for
11: <PT>1 at various 1ab energ;es andﬁie?ton pair masses.

% 19. Shown are expectations for the mean transverse momentum

,<pT>‘ of;lepton pairs produced in pN > puX Aat y=0 and
‘ pléb=?200 and 400 GeV/c. The curves are derived from
'Eqs. (47) and (49) of the text.

Estimates of the lepton pair yield in antiproton-proton

.collisions are presented as a function of M/v/s at y=0
- eiand are compared with yields in pp collisions.
: 21.‘ A prediction of the first order QCD expectation for <p%)
in antlproton-nucleon colllslons at 400 GeV/c and y=0
_for various masses of the lepton palr Shown also is the
breakdown of the answer 1nto the contr1but10ns from the
- Compton. and ann1h11at10n processes shown in Fzg.h.r
»;22,‘ A predlction for the dependence of <pT>QCD on the longl-
tudlnal momentum fractlon KF of . the. .lepton palr 1n both
 ipN and pN- c011151ons at 400 GeV/c and at the lepton palr‘
-".'_mass M=5 GeV. ' o
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