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variables wi l l be specified inort' pivi-i :-el v In-l^w. S.. w r i i :<-ii.iMe t-iu 

predict ions emerge fron the treatuenL i>i-:GuiirJ '".-re: 

(1) Ttit: x and Q2 dependences of the •]\;nrk str.irtur.- lumtimi nf tV,v 

plon C , (x,Q 2) are .liitnlned expUcl l lv (in the lowest Mn!.r o: 

a s (Q ? )> . In the limit Q2 - •«. fur x ; 0. r i , G q / n < x , q : > - < l -x ) ' \ 

However, a large non-seal tni; piece is ,-ilsi) present , with a different 

dependence on x, sneh that i t dominates as x -*• 1, Tints, 

Here <k_> is a parameter which effect ively includes r.iass terni*; as 

well as the square of the transverse momentum of the annihi la t ing 

(j from the plon in n~N * uuX. This predict ion lias been tested 
U recently in experimental s tudies of *N •» uuX, and is consis tent 

with the data. 
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(3) Explici t non-factorizing cor re la t ions are predicted In the jo in t 

d i s t r ibu t ions of variables usually considered to be separable. 

Some of these are : 

(a) In deep- inelas t ic leptnn sca t t e r ing , JN -» i'nX, the v d i s ­

t r ibut ion Is shown to di-;u:ud f.trongty on / , where y •* 

Q* l*f/P t ' Pfi a n i 1 '" ' !'„ ' Pij/Q * Pfj • Kon-over, tlu j.J: spectrim 

should depend itrn-nyly mi .:, and l.Rpuriatu ;: dt-pend.-nt .isvv.pi -

t r i e s are predicted in tin- .-iziiiitilhal anyle di:.t r Itnit imi doM:. 
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At fix.- . i 0" ( • • > ! ; . ) . .1.1 r. 1ft l i u ' r t ' . c n . l 1 ho i t M t r t b u t ion .KvMooiO <l« 

c ti.iiiti.o •! fror- t l i . i t olt.ir.K t o r i s t t c of .1 t r u i ' i v c r u l v i>ol.tr t.'-',! v t r i n,it 
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r o o o n t l y liri-n o t ^ r v o . ! . " * 

(•'*) i n c l u s i o n of of foots* . i t ' i c i I.iiiM w i t h tin- [ ' lou wave t u n o t l o n i<o t» t t* 

an oxj't to i t i'Vdl it.it Ion of I m p o r t a n t (i^n--*i(-»il lu>',, t / Q ' t o i w * in 

.it t r u l v ,invnj>tnt to 
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v a r i o u s oro*n s o o t i o i v i , At t hough tu-»; 11 ?. {b I 

r n i T f . t o « , tlu- I /O* t o r r . s , i ro uliovn lioro t o !' 
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temn alone are iu.ippl ienble. The rrsullH may In* par t icu lar ly 

relevant therefore for react ions in which typical values of 0," uri-
2 

not Inri-L-. Ytu' I/O, effects obtained here .in- hlf.h.er-twlnt" 

effects In QCP, in td.it they a r i s e from cv^hiAelitft sent tt«rtnp. 

.tiopl Ituden In which nwri! th/w the minimum number of elementary 

rotiHtltuents pa r t i c ipa t e . 

(5) Most of tin- lijgher-twlnt effectu I dUctiHw in t h i s paper are related 

to tlif cross .icctions o. for lonRttiiJin.il ly polarized T 'ft ;iiul W'r., 

The expl ic i t forms for the cromt s.ection«, for I rannvcr«elv polari.-ed 

Y anil WSt, .is well ;m fur loiif.ltudltully polarized > and W's .ire 

derived here, with Hpec If led re la t ive magnitude. Tints, predict Ions 

are provided for tin- napii Hide and kinematic var ia t ion of quan t i t i e s 

•meI) as o /o . 

Tn l!u- f i r ten nvl, 1 im| In Hi.- conventional OCI' appro.i. Ii !•> red > ., , 

such as those In Kqft. (U-f /O, It is customary f i rs t ID Isolate a basic 

point 11ku const i tuent sca t te r ing process. The overall eror.s flection is 

then expressed as a product ol three Incoherent p robabi l i s t i c factors , 

repre.--- 'Ulnc (i> the density of "free" on-shel | const i I uont 'i of In. 

had r ons- in tile In i t i a l m a t e , Mi) ! he const i tuent to constituent 

sca t ter ing cross sect ion, and ( i l i ; the probabil i ty that the " i r ee" 

oil-shell final constituent, "derays" into the observed final s t a l e 

hndrons. The work described here is motivated by •* desire to f.i1 beyond 

thin simple approach, and tn deal with the faci that const i nieiit:: are 

not free, hut are always bound in hadronlc wave funct Ion-, and are ef'l.'C 

considerably off-shel 1 . Indeed, al Jarpe x and/or al larr.c .:, cons t i t ­

uents are pulled far o f f - she l l . Accordingly, bmim! s t a t e effect:: not 

http://td.it
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-fp, 

nvmi l l y .-oii'ti.ltTi-J ithiMilit urow in rol l ..nu'c, .mil tin' tttamlnnl <nmrk-

pjrton no.k'l .miiutiifl foil of on-wln-ll run t 1 Im-ntH ln-owi*'* In. 'rc/iHlnplV 

(im*'i(loniilili*. i W of tin- contiivim'm'i'K of on-Hliyll tu'hnvlor In (tu< 

tloralu,itK-i< (if tin- iTOii!* fu'^tinmi .IHNIH- Lit «-*t with t r.iiiHverufly pnl.irl.-ftl 

v l r tu. i l iituitunti .-nit! tt 'n, Ulirn npln-1/-' conm Ituotitfi nrv fnr of f-jttu-I I , 

Iipwr.-IT, tin- l imKl tnJ i iu l ly piM«rlml rrmin mvilnmi mnv tnW nvrr, 

rt'i»uttlnrt in aiili'iiiiM lal i haimd in v.y.., oburrv*ibl«' .im'ulm i l lmribut fun*. 

IMl.l should In* i'x.iniiu-il lti i\\\ of fnrt !•• V U J I M Irth thin <|ii.il l tn l Ivr c f l t - r t , 

ra>fMr«tU>!i;i of tin* lU't.illti of the fiporirit tmMfl for bourn! Mat*-, att-

• i ln l l iM'tdiviiir I'r^'sfiitfil tiLrc. 

Ttu- F»yii7i.Mi tliii»-,f.ira.i I uao art- I In- ••lm[>lrst Horn dUnr (trait cuiHtnU-nt 

with th." Ji'str*' t.' hu-Jiidr [){on -;t riirt itn- vtfvcti. nip'trr-<Tdrr <Jim:r.-nn>t 

n,v: U, .ir.iun in i;C£> Involving. !or fx.r .plr , tho r.ulJ.itlon oi fr*-e y'luon't' 

into tlu' f l i u l .-.Mir. Tlie::.' vii-M ln K.irlMi'-|.- (1»R ')'> rv»lll !• .ltlonii to 

thf rosultr. I prt-Mt-iit , ind -liiouKl )..• ( - : i l . til,if *•«! In ,-i lat.T ii»**r«' r*-l ItiiM 

inv.'^it is'.u i>n. 1'in- :U:--:. i. i! . ' f i r i f : : pr-'it i< t < <! ln'tv .ire /itiH'n.it>1i< u< 

.•N|>cr)r.ont.il i-li.'ii., So.-:, n-ivt- i! r« i iv t , •'» i .vt iH with t»-"tt -> u * N • t>;iX. 
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wave function can b« handled with first oritur QCI) perturbation theory, 

i«e-i by single gluon exchange. Tills approxin.it ton corresponds to the 

first iteration of the Bethe-Salpeter kernel. Higher Iterations provide 

here. The specific region of phase space amenable to this treatment Is 

that in which the fractional longitudinal momentum x of the constituent 

Is l?rge. x > 0.5. 

Consider the process sketched In Fig, 1(a) in which a quark con­

stituent is removed from the pion. If this quark carries longitudinal 

momentum fraction x [light-ionc variable] and transverse nomentum k_, 

relative to the initial pion's direction, then energy momentum conser­

vation may be used to show that 

2 7 

2 "T + ^ 

1 

Here VL. ia the mass of the un-shell spectator recoil system, and p~ is 

the square of the four-vector momentum of the active quark. Equation 

(8) indicates that if x is large a:.d/or IC Is larj'c, the quark Is far 

off-shell (and spacelike). .Tils large momentum (p, large) behavior of 

the pion wave function may then be approximated by single gluon exchange 

as sketched in Fig. 1(b). The lines with crosses (x) in Fig. 1(b) are 

all essentially on-shell, carrying small p~. The unshaded oval in the 

diagram on the right-hand side of Fig. 1(b) represents the unspecified 

small momentum bheavior of the pion wave fur.ction, represented here 

simply by the wave function at the origin, + (r= 0). In the specific 

calculations discussed below, I treat the on-shcll spectator system, 

the upper line in Fig. K b ) at) a single on-shell massless quark. 

http://approxin.it


Calculations can hi- dime in whi-.-h 'h.- •;(•.. ).n .;r •;>••!{ era i •; tak<-n Instead 

to be a stale of sever.tl cntark:: and I;1II.-MJ;I ihlpher Forh state components 

of the ;'i',•, W'H-i1 function). However, such diae.raran yUld font rib-it ions 

to cross sections whfch decrease with a greater (uwit of (1-x) for of 

(!-;'.) ] than for the leading terra:; which I retain, 

III. The Drell-Yan Process 

I discuss first the rcactior. n"N -* yuX. A new result reported here 

for the first time is a prediction for the aMmuthaL angle dependence of 

tlif cross section. The dominant contribution to n~N -• uyX flt large 

Q ~ (p + p - ) ~ .'irises fron the annihi lat ion "HI - > •* uu, where the 
y u 

antiquark » cones fruo the n and u fr»ci the nucleoli. It Is conventional 

to treat both the incident u ami the incident ii as free, on-shell, loss­

less constituents. Ooinfc so, cne obtains itmed lately the prediction that 

the angular distribution of tiie final Iepton should follow the foro 

do/deosO - (l+.»cos"e). with a - 1. This fnrn is characteristic of the 

coupling PI a transversely polarized virtual y to on-shcll feniions. 

Here cos? =• f> • p In defined In the up rest frame. Vat modest trans­

verse momenta of the lepton pair, srcinll deviations from a" I are expected 
9 

due to constituent transverse momentum fluctuations. 

As the longitudinal momentum fraction x F of the uii pair Is Increased 

towards its kinematic Unit, or as t = Q"/s » 1 at fixed x„, the annihi­

lating antlquark in the pion is forced to carry a large fractional Ptomentu* 

x and is pulled off-shell. Accordingly, bound state and longitudinal 

polarization effects grow in potential importance. I concentrate on the 

kinematic region where only the u Is far off-shell (I.e., Xp -* 1). It 

is sufficient to treat the u quark as nearlv free and on-shcll. Thus, 



-9-

the Incident nucleoli structure hi ignored, and t spec la I let* to the 

reaction n q -»• > q. 

Relying on the discussion in Section IT, one may draw the two 

IcwojsL-order diagrams shown in Ft;;. 2. Roth diagrams !n Fij;. 2 «>ro 

required by gauge Invar inn ci-. al though in ,i physical (axial) gauge, 

the scaling « mil ribut tons as ()"-*•*> can be identified solrlv with Ftp. 

2(a), The incident ncson momentum p i;; partionud equally hetween the 

constituent d and u. If this simplifying approximation is discarded, 

a modest change occurs In the prediction of the relative size of the 

transversely polarized and longitudinally polarized components of the 

final cross section. 

The kinematics of the annihilating antiquark arc specified with 

light-cone variables x f l = (p a + p*)/(p° + p 3 ) , and k ^ . With p 2 = m 2, 

where m denotes the hare quark mass, energy and momentum conservation 

may be used to derive 

<L-x ) 
(9) 

As x •+ 1, p~ becomes large and far sp;icel ike. The squared four momentum 
2 2 

carried by the jjluon in Fig. ?, k = {p.-'jp) 

becomes large as x_ -+ 1. 

The invariant. ampLitude corresponding to Fig. 2 is 

r'tp+> \ v(p_> \ ~^~r */o> 

J2 "(p,) Y^ nA(p/2) v_;(p/2) 
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Tlic equali ty £ »V'_\ * ( 1 i ^ + " 0 1^ specif ies that the ud bound s t a t e 

i s .1 jHU-udosealar. I'he factor v ( r - 0) Iti Eq. (10) represents an 

Integrat ion over tin* unspecified so i t momenta in the pion wave function. 

Note that in th i s i-alculnt Jon the quark transverse morii-ntum k,., emery 

exp l i c i t l y ; U is not an a r b i t r a r i l y assigned " I n t r i n s i c " or "proinordial" 

K- i.ssnc fated with the qq M tiding in the plon wave function. 

Knr s implic i ty in what follows, I net m*' a 0 ant) m » 0, and r e s t r i c t 

a t t en t ion to k" <<• Q". Csing the amplitude, in Eq. (10), one may compute 

an exp l ic i t expression for the cross ser t iun for n~N •* vuX. 

Q" do 
dQ d Q Tdx dcosO d* • / • 

d" k„. d* d k. <L . -„(»K.k T K ) T b % 0

q / K " h ' K T b 

"4, ( l - x a ) Z ( l + cos 2l)) + 3 J — I 6 <'-»., 

( 1 0 

) cosO sine cos* 

+ ^ —V sln'f? 
Q" 

'"'"T-S.-.-V ""L-'VV ' ^ - w ' 

The angles 3 and $ are defined in the uu rest frame. tn this frame, the 

polar (r.) axis is chosen along the direction of the incident pif,n; 

cos9 = n * p . lite (x , z) reaction plane is the plane defined bv p 

and |> , with p. chosen to have a positive component of momentum alon^ 

x. Tin- azimuthal anyle i is neasnred with respect to x. In the approxi­

mation Jn which I an working, p - p.. In practice, some smearing of 

the angular distribution predicted In V.<\. (11) Is to be expected from 



In Eq. (11), G ,„ ig the quark structure function of the nucleoli. 

and discarded from the square brackets we:e subasyraptotic terras which 

are of order Q~ k_ (1-x ) and Q~ kZ (1-x ) ~ . The contributions from 

sea quarks and anttquarks in the meson and nucleon are also ignored In 

fixed x Bjorken limit, and (b) th<* fixed W 2 <* (1-x )Q 2/x limit, with 

W >> k . The neglected terms in Eq. (11) must be retained at modest 

were used in the amplitude, the only changes in Eq. (II) would be the 

replacement of the factor (4/9) by the factor A, and (2/3) by 2. As 

Eq. (11) stands, it would appear that the cross section diverges as 

k_ •+ 0. However, a finite answer should be obtained once finite masses 

are restored and the full confining preperties implied by ib(0) are 

implemented explicitly. 
2 In the Bjorken scaling limit, Q •+ •>, at fixed x , the valence 

quark structure function of the pion can be extracted from Eq. (11): 

/ 7 r u) = y > t, G../7j(x,k;. ) - (i-xr . d2) 
-4 The corresponding k_ fall-off produces pairs with a Q„ distribution 

(for k ^ « q 2 ) . 

We observe the following additional features of Eq. (11); 

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

function. After averaging over cos9 and over $, we obtain: 

v* 
(l-x): + I — ^ - . (13) 



The non-seal (.tig contribution Is. independent nf y. and will dominate the 

scaling contributinn at fixed Q"(l-x) ns Q" •• ». In our model the 

relative magnitude of Lhe acallnt*, niui non-scaling terms Is fixed. 

(il) The non-scaling 1/q" contribution corresponds to a longitudinal 

structure function and provides a sln"0 terra In the angular distribution 

+ c< 

X F 

usual rule that annihilating spin-'s quarks produce transversely polarized 

photons is modified when off-shell constituents are involved. In our 

case, the q is kinematically far off-shell since, as x_ -*• 1, all of the 

momentum of the recoil spectator quark must be transferred to the 

annihilation suoprocess. In this situation the spin at the incident 

meson Influences the final angular distribution. In a different language, 

tht bound state-effect can be identified with a "high-twiflt" subprocess, 

since more than the minimum number of elementary fields is required. 
2 Although the large x_ limit is stressed here, the sin 9 tern should be 

2 important also at fixed x_ when T - Q /s -*• I. In this latter limit, 

x •* 1 also. 
a 

(ill) A significant non-scaling, non-isotropic a z law thai angle 

dependence do/d$ Is predicted In Eq. (11). At fixed Q , the coefficient 

of the cos$ term in che square brackets of Eq. (11) grows as U - * a ) 

relative to the dominant scaling term. In general, one may also expect 

-2 2 
model, the cos 2$ terms enter multiplied by factors such as Q k _ ( l - 3 0 
and are therefore discarded in the approximation to which I a« working. 



Identification of the non-scaling piece in the data can be made in 

several different ways: thu x dependence of the crops section at fixed 
2 2 

Q ,sj tin1- angular (0) dependence at fixed q,Q ,s; and s dependence at 

fixed Q 2/s. 

Subsequent to these predictions, the change of the angular distri­

bution da/dcosO with x, predicted in Eq. (II), was observed by the 

Chicago-Illinois-Princeton collaboration. Their results arc shown in 

Fig. 3. A polarization parameter a may !•? defined by expressing 

,2 
.4 
9 

<*i*> 
Q (l-O 

(14) 

The expected value of <k" > is somewhat uncertain. In the data, <kl > 

cannot be identified precisely with the mean of the square of the trans-
2 verse momentum of the annihilating antiquark. The parameter <k_ > in 

our formulas effectively includes the mass terms which were dropped when 

we set m and m 3 0. Accordingly, only a rough estimate of <k_ > can 
2 

be presented. The <p_> of a lepton pair is observed to be roughly 2 

Ta 
values of a extracted from the data. The agreement is good. 

the data may be fitted to the form specified in Eq. (13), and a good fit 



These results should encourage a much more detailed experimental 

investigation of the large x- region in T N -*• yuX, with broad angular 

coverage so that the distribution do/dcosO d| can be obtained precisely. 

Because of the large non-scaling effect predicted in Eq. (13), one 

should not expect that data on TIN -+ uuX taken at different energies 

should all lie on a perfect scaling curve when plotted in the traditional 
U 2 2 form of M d o/dM dx„. Correspondingly, the non-scaling effect in Eq. 

(13) should be taken into account before an attempt is made to interpret 
2 any observed non-scaling behavior purely in terms of log Q QCO effects. 

2 
tt is important to ask whether large sin 6 contributions to do/dcos9 

can be generated by processes different from the hadron structure effect 

discussed here. At least two effects can be considered and discarded. 

of X . Second, free gluonic radiation from the initial q or q in 

qq + ^ g, as well as tht* initial gluon process qg -*• y q, will lead to 

a non-vanishing longitudinally polarizt.-d cross section, growing in 

importance with the transverse momentum Q_, of the lepton pair. This 

effect, however, does not grow with x at fixed Q„- Just as for the 

radiation effects in QCD are most important at small x_,. 

The agreement of the data with the structure function presented in 

Eq. (13) resolves a paradox. Earlier, it had been reported that 

C-* P = O - x ) , However, experimental observation of an effective (1-x) 



behavior of tltc quark -structure function of the pion is incompatible 

with general crossing arguments for Born diagrams which mandate only 

even powers of (1-x) as x + 1 when a ferraion is extracted from a meson. 

The linear behavior (1-x) would be expected for spinless quarks. On the 

other hand, the spin-*j nature of the constituents seemed well established 

by the observation in the same experiment of a decay angular distribution 

(averaged over all x_) of 1 + acos*"9 with a «* 1. Our analysis provides a 

resolution of this apparent paradox. We suggest that the observed (1-x) 

behavior is an approximation to our Eq. (13), in which only even powers 

of (1-x) appear. The critical test of this assertion is the identifica­

tion of tfca p 

at large JC,. 

In baryo 

behavior characteristic of spin-^ systems is maintained as x + 1, in 

apite of the fact that an annihilating constituent is again far off-

shell. It would be valuable to verify this expectation experimentally. 

Non-scaling longitudinal contributions should arise near x = 2/3 if we 

take into account the sub^rocess (qq)+q •+ q + Y with a bosonic diquark 
13 14 system. * These effects may be related to the anomalous value of 

°l/CTT °kserved i n deep inelastic electron scattering at moderate values 

of q2. 

We emphasize that the dominance of the longitudinally polarized 

cross section (« sin e) as x„ •+ 1 in TTN •*• y X is a direct indication 

that in this limit the annihilating antiquark carries the signature of 

its origins in a spin zero meson. The sin 0/Q term is a higher-twist 

effect in QCD, in that more than the minimum twist qtj -*• y configuration 



data is the first direct identification of a higher-twist effect in an 

inclusive reaction. The importance of this higher-twist effect in 
- - 2 2 

TT K -* vpX, for values of Q as large as ~ 20 GeV , suggests that higher-

twist effects should be examined carefully in all other high energy 

processes as well. 

IV. Single Plan Production in Deep-Inelastic Scattering 

I consider next the process £N -* £*nX, as sketched in Fig. 5(a), 

Here it is convenient to let the momentum of the exchanged y (or W in 

the case of \jN) define the positive longitudinal (z) direction; 

Q - Pj - P £. (15) 

The final pion has transverse momentum p_ relative to the direction of Q, 

and it carries the fraction z of the energy of the initial exchanged 

quantum. In terms of four-vectors, z - p * P H/Q • P«« In the lab frame 

z - E /v. The initial quark from the initial nucleon in Fig. 5(«) is 

assumed to be on-shell and to carry longitudinal momentum fraction x of 

the nucleoids momentum, and no transverse momentum. The intermediate 

quark p in the subprocess Q + xp,, •* it + q is then off-shell and timelike, 

with 
2 

2 p T "a - Mh> • < 1 6> 
2 

Note that as z -+ 1, p -+ ». Accordingly, important off-shell effects 

and deviations from the usual quark-parton model expectations, including 

longitudinal polarization of the exchanged y or W, may be expected In 

the limit of large z. The quark and pion masses have been neglected in 



For large z ( ,> 0.5) we may use the arguments developed In Section 

II to represent the process <\ •* nX by the diagram indicated in Fig. Mb)..,, 

The gauge-invariant set of diagrams for the process S.N -*• t'-iiX is presented 

in Fig. f>. To describe nhe lepton kinematics, it '.s conventional to use 

the variable y = Q * PN/Po ' PM* The initial and final lepton momenta are 

chosen to lie in the (x,z) plane, both having positive x components of 

momentum. The angle $ is the azirouthal angle of p T relative to this x 

direction. 

Evaluating the Feynman diagrams in Fig. 6 explicitly, for uN -*• y'nX 
2 P T 

or for eN -*• e'-nX, I obtain the cross section (for p « |Q |, and large z): 

dz dy d+ dp T J y p T Q 

2 [ i i T r Z l ! ] + ! d-«)[l+ »-,)] <l-rt'»c.^(4) 
•Q 

2 > 
" | d-y) "A~ (17a) 
9 (V) ) 

2 2 powers of (1-z) or of p_/Q relative to those in the curly brackets in 

Eq. (17a). Thus Eq. (17a) is accurate in two JQ | -*• «• limits: (a) the 

or for z very near 1. The cross section also contains terms proportional 

to cos 2$'. however, the coefficients of these terms are of order 



(1-z) p T/Q . They are therefore negligible In relation to the terms 

I retain, which are proportional to (1-z) 2, (1-z)(p™/-Q2) , or p 2/Q 2. 

For vN •+ v ir X, the expression in curly brackets in Eq. (17a) is 

replaced by 

(1-z) 2 + | {l-z> (W^COsJ -^-j + | (l-y)|-!rjt . ( 1 7 b ) 

Fcr vN + n i X, the term in the curly brackets in Eq. (17a) becomes 

? H 

ja-y) 2o-z) 2

+ |a- z)(i- y) 3/ 2

Cos*(^) + | a - A ( ^ ) J . 

<17c) 

A wealth of predictions is embodied in Eqs. (17) involving the 
2 correlated behavior of all the variables z, y, p , and + . 

attain the rcale invariant form expected in the usual parton model, with 

do/dy independent of y for vN -»• p nX. However, important deviations 

(.ii) According to Eqs. (17), for £N -* £'irX, the distribution 

do/dp is expected to decrease as p (for p„ « Q ) , except at large z. 

grow at large z, a "seagull" typf; of effect. This "jet broadening" 

phenomenon is distinct from that associated with gluonic radiation 

diagrams. The two effects may be distinguished in the data by their 
2 different dependences on z and Q . 



are separable. In this limit, an asymptotic quark to pion fragmentation 
2 

function may be extracted from Eqa. (17). For z > 0.5 and Q -*• ™, 

D i f / q ( z , Q 2 ) - ( 1 - z ) 2 , (18) 

2 Moreover, after averaging Eq. (17b) over y, $, and p , one may identify 

a significant non-scaling term in D/ aCz>Q ) : 

2 2 2 < P T > 

»¥ /q(«.«*) - «-«) + | - V • (») 

The extra non-scaling term in Eq. (19) is independent of z, and is 

especially relevant at large z where the scaling terra vanishes rapidly. 

The form of Eq. (19) is similar to the popular phenomenological form 

parison of Eqp. (12) and (18) shows tha*. (for x > 0.5) 

<V„C*.|Q 2|) " D*/ q<"-l<5 2l> • 
12 as expected from general arguments. Upon multiplying Eq. (19) by 

N-l 2 

z and integrating over z, one may obtain a prediction for the Q 

dependence of fragmentation moments. However, caution is in order since 

Eq. (19) is valid only for z > 0.5. 

(iv) For modest values of Q or for large z, a significant non-

factorizing, non-scaling terra is present in Eqs. (17). Averaging over 

4>, I obtain: 



F o r ep -* e'-nX o r pp -+ M'ITX, 

o(Z,y,q2, - (l-2)2 [i±li30l] + | (1-y) ( 4 ) • UM 

For vp -*• it IT X, 

(20b ) M5) 
F o r vp •* u * X, 

o(z.y,Q2) « Ci-z) 2<i-y) 2 + -p-(l-y)| — ) . ;20c> •ft) • 
These expressions imply that at large z, the distributions in y should 

be very different from "normal." Likewise, selections on y can lead to 

considerably different expectations for the distribution In z. The 

term proportional to-| (l-y)(pr,/-Q ) is the analog of the -^ sin 6 (k_/Q ) 

term found in *~H •*• mix, and corresponds to a longitudinally polarized 

Y or W. It would be valuable to ascertain whether its contribution is 

as significant in deep-inelastic scattering as it appears to be in 

n~N •* uliX. 

(v) Note that in the linit z + 1 at fixed Q , or in the liait 

Q •*• » with Q*(l-z) fixed, the terms which dominate in Eqs. (17) are the 

umsual, higher-twist terms <= (1-y)- Thus in either of these limits, 

thi: cross section da/dy is predicted to have an unusual dependence, 

vai-yiny as (1-y) for all three processes: jiN -+• u'ffX, vN -*• u IT X, and 

vN * U +TF -X. 

(vi) The $ distributions in Eqs. (1/) are particularly interesting. 

Ignoring for the moment the terms proportional to p T/Q , I find 



2<i 
P. 

- Q : 

- Q : 

p. 

e N \-Q / " z ) 3[l+0-yr] 

P PTf (l-y)'! 

/4 2 \ ' 5 

•*\s ' (~ l ) '' 5 • ( 2 1 c ) 

^ 2 ^ . In all cases, the asymmetry is positive. The y and Cp_/-Q ] dependences 

in Eqs. (21) may be expected on general kinematic grounds. The new 

feature in these equations is the dependence on (1-z). All show an 

increase of <cosiJ> * l/(l-z) as z increases. For z very lear 1, the 
2, PT/-

<cos$> will then level off, and <cos$> = 0 at z*l. 

The z dependences of Eqs. (21) may be contrasted with the behavior 

(1-z) expected from QCD gluonic radiation and with the z independent 

behavior provided by pure kinematics. The (1-z) asymmetry calculate! 

here is a manifestation of the higher-twist QCD contribution resulting 

from including explicitly effects associated with the pion hound state. 

The complete behavior of da/d$ may be predicted only after inclusion of 

th* QCD gluonic radiation effects oiid the kinematic effects associated 

with transverse momenlum fluctuations of the initial quark. Since the 
17 s ; 

tive values of <cos$>, the effects predicted in Eqs. (23) will be some­

what washed out. The essential new feature of Eqs. (21) is the growth 

proportional to l/(l-z). ' 
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The asymmetry <cos2$> îay also be computed. However, in the 

approach desctibed here, I find 
2 

P T 

<cos 2*> * 
-<T(1 - z) 

which is negligible in the limit in which I am working. 

(vii) In the computations described here, only those hadron 

structure effects associated with the final pion are considered In 

£N -* £'nX. In a more complete inves igation, off-shell ^ffs^a associated 

with the initial quark from the incident nucleon should also be treated. 

These will be especially relevant ror x > 0.5 and should lead to the 

prediction of correlations in the x and z dependences of the cross 

also include the possibility of the y or W scattering from the; diquark 

subcomponents of the nucleon. * 

Although evidence is present already in the data for a non-

Eq. (19) and a determination of the magnitude of the non-scaling term 

may be difficult because observed piors are also produced "indirectly" 

from resonance decay; q -• RX, R -+• itX'. The fragmentation function in 

Eq. (19) and other properties of Eqs. (17) apply only to the direct 

q -y trX component. (This type of complication is not present in 

it N -*• upX, where the IT -*• qX structure function is determined.) Neutrino 

reactions, vK + g ir X, would seem to offer the best opportunity to 
2 examine D ., (z.Q ) clearly, and to test the other spin-related pre-TP/q 

dictions (correlations, asymmetries) listed above, with a minimum of 

background from indirect sources, such as q •* p •+ 7i IT . In an attempt 
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to remove backgrounds, It might be useful to compare the predictions 

with data o n the difference of the n and -r~ yields. 

V. e e~ Annihilation 

T h e process e e -*• t«X may be handled by the same nethods discusst-d 

above. The relevant gauge-Invariant set of Feynman diagrams is shown 

2 2 
in Fig. 7. After evaluating the amplitudes explicity, for Q » k and 

for large z, 1 derive tht; cross section 

do 2 
dkZdz dcosB 

V (l- K) 2(l + co8 2e) + £ 4 sin 26 (12) 

2 2 Here z - 2p • Q/Q , Q > 0, and k_ is the transverse momentum of the t 

with respect to the direction of the decaying quark p in Fig. 7(a): 

co»6 - p • p in the overall o c center of mas* frame. The first 
• * ' e 

term in F.q. (22) displays the expected Jet axis distribution (l + co?'iO 

characteristic of a transversely polarized intermediate y . U\ ttio 

2 
H a l t Q •• - , one may again Identify a quark t<» pion iK-c.iv dTit r J'tMit iim 

D , < z , Q 2 ) • ( J - z ) 2 . for 2 > 11.5. However, for fixed 0" .1'; z • 1 >'r 

for fixed Q 2 ( J - z ) as Q 2 * •», tin- second, n.in-r.ral Inn ur:n in 1v[. t .V 1 

dominate?* the truss nee 11cm. Tin- second term N p m p o r t ';.»MKII t>> 

At larjje cnmifih z , tht; cxe luniv<; pr.-i-i-ii e *• * ••- •-•ili |>t>vi.l. 

Important contribution to do/dco-i-'j. Tin- i-ro-i-i r.i'i'ilwi t^r t li I - - *'\- In 

procestt Is nci.'L>ris,irt ly »f the form dn/dmii'l •> uln'", nn! (• ;. i '."l ;':< 

fore 1 H endowi-d with Hie correct cxcliiritvc limit. However, f ;. (.'•'> 

derived (row a purely Jnc IIIHI ve .impl I nnl.- jor »• e" * n X with u. >,-.; \- . 

H o n in tbn calculation thai X » n an ;r * 1. 



'Rewriting Eq. (.!-) in tlu' fora dj'vivos? •> [ 1 •* ni-i"'.'Oi, I obtain 

/ ... • - !vv • 
with r * (^,"?)<k.p/. rQ'(I-i:)" ,*. The fora of th i s re.-iuli LH Identical to 

that derived iMrlier fcr the angular d i s t r ibu t ion of tin- final u In 

t S •+ vuX. For comparison villi data , one must bear in mind again that 

the parameter *-JO effect ively Includes mass terras which were neglected 

in the ca lcula t ion (m » ,1, m "• C, mv • 0 ) . Therefore, v k l s mav not h.' 

equated d i r ec t l v to the raeaitured valuer of the Bean of the square of the 

momentum transverse to a •peelfled Jet axis.... A necond d i f f i cu l ty wist 

be i'iioe'di The t'qs. < Zl) and \JM nppV-**"'",<rilv to plon* produced direct Iv 

: ron .;u.irk f ragra«'nt.i*. I'm ij • "X, wlierea" ,i luhNtmit l a l t rac t ion ol the 

observed ploni prob.i^'v a r iu r s through the si'ijueiiro '.} * It*, where R in 

a roHoiui'.ii'e: K • -R' . The renonanfo terns do not riei*e«stAf (Iv provide 

b.'th ••.in*" it:1 ii K, ' - • , out rib.it loin In t'u> -t-ini' r a t i o and with t he 

i.VTi .' di-i'einliive .is shown in t .]. L ' ; \ . 

!i,ll, t ! 

http://rib.it


Vt . tilgli p T Sf iu- lo P imi P r m l i h ' U t m 

The d i a g r a m In F i g . 9 ithnw.t ottt' of tin- monitor;* nf t h e K.uipO" lnv. t r l.int 

Het of graphs f u r qq » tiqq r e l i - v a n t fn r t in 1 d i - s i T i p t ton of li h , • "X .il 

l a r g e c r a n s v i - r s e momentum p . . Kv.tLtiat. Inj* tfu-sc d l . i f r.-imn i -xp l l i 111 v , in 

t h e Knme fnt ihlon art dlscuHHi'd a b o v e , one rn.iv o b t a i n t in 1 f r n s s f u T t l o n 

't p p T L p T -1 

Here p lit the transverse momentum of the final n measured with resport 

to the incident lindron h.lt,, direction, .md x_ - 2p_//s . Obvious in 

Eq. (24) Is the usual -jsymptot.lc decrease ° p T', multiplied by the same 

quark to pion decay function « (I - x J deduced in c xc * nX and tn 

IN -* t'flX. Th^ second terra in Eq. (24) is smaller by a factor p_ , but 

it is enhanced relative to the first by the factor (l-x„)~ i'. The well 

maximum x_. Thus th» second "non-scaling" term in Eq. (24) should have 

considerable practical importance in studies of h.h, •*• TX at largo p_, 

providing a substantial p_ component of the cross section. Full details 

of this study of high p™ production will be published elsewhere. 

VII. IHquark in the Nucleon 

dependences of the ratio R = o, /o- in deep inelastic electroproduction 

ep -*• e'X. Contributions to o. may arise from at least three sources: 

(i) constituent transverse momentum fluctuations, (ii) QCD free gluon 

radiation diagrams, and (lii) higher-twist hadronic structure terms 

http://lnv.tr
http://rn.iv


Two of the three qu.irks in FI*:. KXa) rn.iv .ilw.iv; lie p/iired In ,t 

di(|uark (cjq) sv.stra wj th integer spin. " ' II 1*J then inlrri 'sr \i:r t ' 1 

consider the ooupl im; of a v i r tua l photon ei ther to the bachelor, un­

paired spttWi quark as in Fif.- 10(h) t.r to tue diq-i.irk ,v: in r-'i}-.. 10(r) . 

Treating the lit quark for the Tnonent a:, a j,i.msleKK elementary spin zero 

system, unt: may quickly devise a pam'.e invariant ;;et of sca t te r ing 

amplitudes corresponding to Fij:s. 10(b) and 10(c), with one plunn 

exchange used to represent the far of f -shel l behavior of e i the r the 

quark, or of the diquark, in the large x l imi t . This treatment parallel-; 

that described for other processes in e a r l i e r section;, of t h i s report . 

For the case sketched in Fig. 10(b), 1 obtain a cross xN-tion which 

is purely of transverse polar iza t ion character , even in the limit x -» 1 

where the spin-S const i tuent i s far o f f - she l l . From Ft;;. 10(e), I obtain 

contr ibut ions to both o. and o : 

http://rn.iv


Dt'cnufii* tin- .ic:it'f.LTlni; In i 'L: . P H . ) >>, fir.'-. ' r. - .in i 

tlui l o n g i t u d i n a l • t'fvis s e c t i o n <*, i.. •Inr.inam .r .v-. ;- i^ 

HoUtiVt-r, tlio trnnsvLTHf tvvm o t;ik-v; " v r -i'l x • I f 

Kq. ( .Tib) . ' K p Ir. Mir :i-;m : ; ' t i u r w i ! r.uviv,. r- .r :-,.".i m 

a y s t o n in ilit- urn [••on ( i . . . i ! n ( r . - i ' ^D; u v iuv U ' . ' l c !) . 

t r i b u i i o i i ' i from K i n s , !'>*!»> m-! h M O . <>:t. -;.iv <>' t , i-i 

cp * n ' X : 

a.. " A ( x ) ( l - x ) 3 + ' 

Ttic d l f juark form f a c t o r K(Q*') r o p r t w u t ' i t h e f a c t th , i t t h e dl<ni.irk 

i-t U-n A<x) ;-. '.Jnw'.v v.irviiw. 

t h e c o n s t a n t A. may tw r i - l . i tud t o til"- n r o b a M I 11 v l ' M i . 1 i i H j u r ! 

t lw nuc l t ' on .it 'itiiii t* •;[>*•<• I f i n ! X and i»* , Vvr, t in -,-ii.i' • t «-t. !i t < i 

In Kt'f. I.'., i t .ip[.c/ir.'i fli.it f i .r <>' - '.' C..-V lu.l x -• ' . . , t in 1 ;!-•!• i' 

ar* 1 t 'quat fo r 'ir.-it t e r inj-. f r vn t l i r i v . 'i 'liirl. and fi,>:- iln- ' l i i ' i . n ' - . 

The r a t i o H - • ' , / . - , <il>t»lin-d f ron V'\--. (,'f.) obvh- . - s l •. I I M V , , . 

W i t h X a t f l x c i l (}" n v c r Pm-it o f t i l . ' r lll):«' o ! X , h t f i T r ! ; i t ! ! i i , ' '.-> 

a t x - I . m f i x tlii< f r i T p.ir.ui'L'lir-. la t h - o.jn.it U i - . . <t.n .1 .m '.!;. 

http://fli.it
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Ill Lite e . m v u l i n n a l <1<:M .ippro.i.-li 1 . It n<! •., ,ii I - r 1 iii'. , ( ' - • . 

where t h e t n l l i . - i l and l i i l . l l c.'ii-it l i u . -m- i it.- t r . M f t ' i i:. ' i<-< ,,p ' ,-:. ' . . ; ; , 

s e a l I tip, v i o l a t i o n s ( t h e . l . 'prni ' f i i f i 1 <•'- m " - - ' . u l i . ' i : . -m I,-,, •'' *"> ! r ; .. 

fi'i-m hip.her o r d e r pr.i. i»:-:i-!i hi v h M i r l m - m H . - . " ! ' . ! . . ' . V - n i i ; , t-i t • : 

r . - pn r t I is In emit 1 i n w i t h M i l - i-.uiv.-ni l-"i .1 "('h .ii~,-.i,. n ;.. V . c r . ' 

a t t e m p t K made h e r e tr> • s'lj'li.i'; L"e d l f t e m U p h - . i , - . . 'si i . • ; • ! , ' . 

t r e a t m e n t , b o t h hadi-on *;t rm-l n r r and u l u e i i ' r r i l i . i t i.'it ,••.! . . . l • .;.-••.:-

I n c l u d e d . Cotifie. Ion o r i . - n l l l . - l inav a r i - i e , n . - v r l h e ] . •;; , in t ' i , f i i . t 

" r o t a t i o n of plieiioiuei.a ohr .erved e x p r r Jn.-til .i I J •. . Pat a i ' vn ' i M " , f t i . ' 

ranp.o In (?~ c a n n o t he used wl t l i c r n . i l i m to i' ( M ![i;;u! .!. , ( !. >,\ir i f ' r . (, 

f a l l w i t h (}" from t h e h w e n ; v power dep.-nd. lie., . - xpe r t ed !\-or. hf.-.h, r -

22 t w i s t e f f e c t s . L i k e w i s e , it. m;iv ho I n a p p r o p r i a t e to i d e n t i f y v . i r ' a i e ; 

n c n - f a c t o r i z l i i R e f f e c t s , u r c o r r e l a t i o n s in t h e d a t a , wl i l j next t o 

l e a d i n g , h i g h e r o r d e r ij('.l) c o r r e c t i o n s w i t h o u t f i r s t e x a m i n i n g t h e r e l e ­

v a n c e of h a d r o n i c - s t r u c t u r e e f f e c t s . 

From a t h e o r e t i c a l p o i n t of v i e w , h i p h u r - t w l s t t e r n s must be p r e s e n t . 

The d a t a from u p - * uyX, d i s c u s s e d i n S e c t i o n I I I , and p e r h a p s t h e 

b e h a v i o r of R show t h a t t h e i r c o n t r i b u t i o n s a r e s l f . n l f l e a n t - In t h o s e 

2 
r e a c t i o n s whe re t y p i c a l v a l u e s of Q t end t o be s m a l l , t h e r c l e v n n c . - of 

h i g h e r - t w i s t e f f e c t s .should be p a r t i c e l a r l y e n h a n c e d . In an e f fo r t " t o 

i d e n t i f y and i s o l a t e these- l iadron I c - s t r u r t u r f e f C c r t s , e f f e c t i v e u s e m y 

be made of t h e i r c h a r a c t e r i s t i c x and /. d e p e n d e n c e s , t h e i r s p i n / p o l a r i ­

z a t i o n p r o p e r t i e s , and t h e o t h e r e o r r e l a l . i o n s d i s c u s s e d in ( L i s r e p o r t . 

http://rili.it
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represents the full behavior of this amplitude. At lar$;n 

squared four-momentum p where p = p~/(l-z), the large momentum 

behavior of the dissociation amplitude may be represented by 

the single gluon exchange diagram sketched on the right, in 

which the quark lines marked with crosses (*) are essentially 

on-shell. 

6. Gauge-invariant set of diagrams for £N -+ H'nX; k labels the four-

momentum of the exchanged gluon. Solid lines, except for the ones 

labeled ", Z and i ' , are quark lines. 

7. Gauge-invariant set of diagrams for e e •* TTX. 

8. Predicted behavior of the polarization parameter a as 3 function of 

2 for e e •*• tiX at two values of the center of macs energy. 

9. One of the gauge-invariant set of diagrams for h.h •* irX, via the 

subprocess qq -+ itqq. Here Q and k label the Four-momenta of gluon 

exchanges, and p denotes the off-shell quark. 

10. Diagrams illustrating the coupling of a photon to one of the three 

quark lines in the nucleon. In (a), gluons are exchanged between 

the three quark lines. In (b) and (c), two of the quarks are paired 

in a diquark system. In (b), the photon it; coupled to the bachelor 

quark, whereas in (c), it couples to the diquark. 
2 

11. Figure taken from Ref. 14 showing R(x,Q ) = o./ar for ep •* e'x as 
2 a function of x for six values of Q . The solid line is obtained 

from the diquark model proposed in Ref. 14. The data are from 

Ref. 21. 
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