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ABSTRACT 

Inclusion of specific effects associated with constituent binding 

in hadronic wave functions is shown to lead to important non-scaling, 
n 

non-factorizing l/QL contributions to cross sections for semi-inclusive 

deep-inelastic scattering, the Drell-Yan process, and other hard 

scattering reactions. These l/Q" higher-twist terms are predicted to 

be dominant in well defined kinematic regions such as large x and/or 

large z. The provide angular distributions typical of longitudinally 

polarized virtual photons and W's, including sin 2 9 terms in meson 

induced Drell-Yan processes and in e+e- + ITX, as well as unusual (l-y) 

terms in deep-inelastic scattering. Calculations are also presented 

of the quark structure functions of the pion q,(x,Q2) and for the quark 

to pion fragmentation function D,(z,Q'). Predictions are made for the 

azimuthal angle dependence of the cross sections for nN -+ p;X and 
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1. Introduction 

In this report I summarize recent results from attempts to include 

in perturbative quantum chromodynamics (QCD) calculations of high energy 

processes some explicit effects associated with the binding of elementary 

quark constituents in hadronic wave functions. I discuss four processes: 

TTN + llix , at large Q2 = M2 . 
* lliJ , (1) 

EN -t R'lrX , at large Q2 = (P,-Pp12 ; (2) 

f- ee -f ITX , at large Q2 = (Pe++PeJ2 ; 

and 

NN -t ITX , at large pT . (4) 

In all four reactions, my focus is on physical effects associated with 

the pion's structure. In the lowest order QCD perturbative Feynman 

diagrams which I will use to describe these processes, the pion appears 

explicitly as a qs system, in a definite spin state. In all cases, the 

cross sections and polarization properties are predicted to depend in a 

detailed way on the internal dynamics of the pion. 

In the asymptotic Bjorken limit in which Q2 + m, at fixed x and z, 

the cross sections I obtain for reactions (l)-(4) have precisely the 

scaling form expected in the usual parton model. However, inclusion of 

effects associated with hadron structure allows a computation of the 

approach to this scaling form, shown here to be substantially non-uniform 

in x and/or z. The non-scaling terms are expected to dominate at large 

x and/or z. As usual, x is the momentum fraction (light-cone variable) 

carried by a quark constituent in an incident hadron, and z is the 

momentum fraction carried by the final IT in reactions (2)-(4). These 
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variables will be specified more precisely below. Several testable new 

predictions emerge from the treatment presented here: 
n 

(1) The x and QL dependences of the quark structure function of the 

pion G ,,+Q2) are obtained explicitly' (in the lowest order of 

as (Q2) > . In the limit Q2 + 03, for x 2 0.5, G ,/,(x,Q2) a (l-~)~. 

However, a large non-scaling piece is also present, with a different 

dependence on x, such that it dominates as x + 1. Thus, 

(5) 

Here <ki> is a parameter which effectively includes mass terms as 

well as the square of the transverse momentum of the annihilating 

4 from the pion in V-N -t 

recently in experimental 

with the data. 

(2) The z and Q2 dependences of the quark to pion fragmentation dis- 

. . tribution Dmjq (z,Q'?) are also derived (for z 2 0.5): 

D T,qhQ2) 

(3) Explicit non-factorizing correlations are predicted in the joint 

vi-ix. This prediction has been tested 

studies 4 of TN -+ u;X, and is consistent 

(E (laz)2 + 2 <+ 
gq2 * (6) 

distributions of variables usually considered to be separable. 

Some of these are: 

(a) In deep-inelastic lepton scattering, RN -f R'lrX, the y dis- 

tribution is shown to depend strongly on z, where y = 

Q ' ?ij,,h& l pN and z = p, l pN/Q l pN. Moreover, the pg spectrum 

should depend strongly on z, and important z dependent asymme- 

tries are predicted in the azimuthal angle distribution da/d+. 
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(b) In the Drell-Yan process, the decay angular distribution in 

the lepton pair frame is predicted to vary strongly with the 

longitudinal momentum fraction xF of the lepton pair: 

do Q 2 (1-x)2(1+cos2e) + 3 (l-x) cos6 sin0 cos+ 

4 <k;> 

+Ti 
Q2 

sin20 . (7) 

At fixed Q2 (=Mtil), as x is increased the distribution da/dcosed$ 

changes from that characteristic of a transversely polarized virtual 

photon to that associated with a longitudinally polarized virtual 

photon. 1 The x variation of da/dcos0 predicted in Eq. (7) has 

recently been observed. 4 

(4) Inclusion of effects associated with the pion wave function5 permits 

an explicit evaluation of important non-scaling, l/Q 2 terms in 

various cross sections. Although negligible at truly asymptotic 

energies, the l/Q 2 terms are shown here to be especially large in 

some kinematic regions, notably at large x in the Drell-Yan process 

and/or large z in deep inelastic scattering, where the leading 
n 

scaling terms (up to log QZ effects) are anomalously small. The 

"non-scaling" terms are in fact dominant for fixed Q2(.l-x) Cor 

fixed Q2(1-z)] as Q2+-. Knowledge of the expected form and size 

of these l/Q2 terms is important for judging how high in Q2 one 

must go before data can be used safely to test the logarithmic 

scaling violations 6 associated with gluonic radiative effects in 

perturbative QCD. Knowledge of the l/QL terms also permits QCD 

fits to data in a region of modest Q2 where the asymptotic scaling 
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terms alone are inapplicable. The results may be particularly 

relevant therefore for reactions in which typical values of Q2 are 

not large. The l/Q2 effects obtained here are "higher-twist" 

effects in QCD, in that they arise from evaluating scattering 

amplitudes in which more than the minimum number of elementary 

constituents participate. 

(5) Most of the higher-twist effects I discuss in this paper are related 

to the cross sections aL for longitudinally polarized y*'s and W's. 

The explicit forms for the cross sections, for transversely polarized 

y* and W's, as well as for longitudinally polarized y* and W's are 

derived here, with specified relative magnitude. Thus, predictions 

are provided for the magnitude and kinematic variation of quantities 

such as oL/oT. 

In the parton model and in the conventional QCD approach to processes 

such as those in Eqs. (l)-(4), it is customary first to isolate a basic 

pointlike constituent scattering process. The overall cross section is 

then expressed as a product of three incoherent probabilistic factors, 

representing (i) the density of "free" on-shell constituents of the 

hadrons in the initial state, (.ii) the constituent to constituent 

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

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

hadrons. The work described here is motivated by a desire to go beyond 

this simple approach, and to deal with the fact that constituents are 

not free, but are always bound in hadronic wave functions and are often 

considerably off-shell.' Indeed, at large x and/or at large z, constit- 

uents are pulled far off-shell. Accordingly, bound state effects not 
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normally considered should grow in relevance, and the standard quark- 

parton model assumption of on-shell constituents becomes increasingly 

questionable. One of the consequences of on-shell behavior is the 

dominance of the cross sections associated with transversely polarized 

virtual photons and W's. When spin-l/2 constituents are far off-shell, 

however, the longitudinally polarized cross sections may take over, 

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

Data should be examined in an effort to establish this qualitative effect, 

regardless of the details of the specific model for bound state, off- 

shell behavior presented here. 

The Feynman diagrams I use are the simplest Born diagrams consistent 

with the desire to include pion structure effects. Higher-order diagrams 

may be drawn in QCD involving, for example, the radiation of free gluons6 

into the final state. These yield logarithmic (log Q2) modifications to 

the results I present, and should be calculated in a later more refined 

investigation. The physical effects predicted here are amenable to 

experimental check. Some have already been tested with data on R-N -t POX. 

The process IT-N + POX is treated in Section III. In Sections IV, V, 

and VI, I discuss in turn, RN + R'rX, e+e- + nx, and NN + RX. A brief 

discussion of R = uL/oT in ep + e'X is presented in Section VII, and a 

short summary may be found in Section VIII. 

II. Model for the Pion 

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

here that is being described completely. However, in some well defined 

regions of phase space, in which the active quark (pr anti-quark) con- 

stituent is far off-shell, the relevant large momentum behavior of the 
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wave function can be handled with first order QCD perturbation theory, 

. I.e., by single gluon exchange.8 This approximation corresponds to the 

first iteration of the Bethe-Salpeter kernel. Higher iterations8 provide 

logarithmic (log Q2) corrections to the first order results presented 

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

that in which the fractional longitudinal momentum x of the constituent 

is large,*x 2 0.5. 

Consider the process sketched in Fig. l(a) in which a quark con- 

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

momentum fraction x [light-cone variable] and transverse momentum k T' 

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

vation may be used to show that 

p; = - 6+4 
(l-x) + -5 * (8) 

Here 2 Mx is the mass of the on-shell spectator recoil system, and pa is 

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

(8) indicates that if x is large and/or < is large, the quark is far 

off-shell (and spacelike). This large momentum (pi large) behavior of 

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

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

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

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

small momentum bheavior of the pion wave function, represented here 

simply by the wave function at the origin, $ (g= 0). In the specific 

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

the upper line in Fig. l(b) as a single on-shell massless quark. 
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Calculations can be done in which the spectator system is taken instead 

to be a state of several quarks and gluons (higher Foch state components8 

of the pion wave function). However, such diagrams yield contributions 

to cross sections which decrease with a greater power of (l-x) [or of 

(l-z)1 than for the leading terms which I retain. 

III. The Drell-Yan Process 

I discuss first the reaction' IT-N + u<X. A new result reported here 

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

the cross section. The dominant contribution to r-N -t @X at large 

4' = (P~+P;)~ arises from the annihilation 6u + y 
* 

-t pi;, where the 

antiquark u comes from the IT- and u from the nucleon. It is conventional 

to treat both the incident u and the incident 5 as free, on-shell, mass- 

less constituents. Doing so, one obtains immediately the prediction that 

the angular distribution of the final lepton should follow the form 

da/dcose = (l+acos28), with a=l. This form is characteristic of the 

coupling of a transversely polarized virtual y* to on-shell fermions. 

Here case = i, 
iJ 

. $71 is defined in the p: rest frame. For modest trans- 

verse momenta of the lepton pair, small deviations from a=1 are expected 

due to constituent transverse momentum fluctuations. 9 

As the longitudinal momentum fraction xF of the p'; pair is increased 

towards its kinematic limit, or as T = QL/s + 1 at fixed xF, the annihi- 

lating antiquark in the pion is forced to carry a large fractional momentum 

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

polarization effects grow in potential importance. I concentrate on the 

kinematic region where only the 5 is far off-shell (i.e., xF * 1). It 

is sufficient to treat the u quark as nearly free and on-shell. Thus, 
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the incident nucleon structure is ignored, and I specialize to the 

reaction T-q -f Y*q. 

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

lowest-order diagrams shown in Fig. 2. Both diagrams in Fig. 2 are 

required by gauge invariance, although in a physical (axial) gauge, 

the scaling contributions as Q2 -t 00 can be identified solely with Fig. 

2 (.a> . The incident meson momentum p is partioned equally between 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 are specified with 

light-cone variables x = (pz f pi)/(p' + p3), and k a Ta' With p: = m2, 

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

may be used to derive 

ii2 Ta + xam2 - x,(1 - xa> mi 
. (9) 

(I- Xa) 

As xa -+ 1, pz becomes large and far spacelike. The squared four momentum 

carried by the gluon in Fig. 2, k2 = (p,- kp> 
2 = +(pi+m2) - S,m2, also 

becomes large as xa -t 1. 

The invariant amplitude corresponding to Fig. 2 is 

,.i@ = &P+) Yp v(P-) -$ 
as (k2) 

Q k2 

c 
h 

U(p$ y, Uh(P/2) 7_JP/2) (10) 

Ya +,) * 1 
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The equality C uhGmA = 
A 

(%$+m) y5 specifies that the ud bound state 

is a pseudoscalar. The factor +, <: -5) in Eq. (10) represents an 

integration over the unspecified soft momenta in the pion wave function. 

Note that in this calculation the quark transverse momentum kT enters 

explicitly; it is not an arbitrarily assigned "intrinsic" or "promordial" 

% associated with the q< binding in the pion wave function. 
* 

For simplicity in what follows, I set m2 =0 and rni = 0, and restrict 

attention to k2 << Q 2 
Ta . Using the amplitude in Eq. (lo), one may compute 

an explicit expression for the cross section for IT-N -C uiX. 

Q2 da 2-+ 2-t cf 
dQ2d2;TdxI,dcos9 d$ 

d kTadxad kTbdxbGq/N(Xb' Tb ;: 1 

(11) 

x- (1-xa)2(l+cos2C3) -I- f - (l-x,) cod sin6 cos$ 

? 1 

4 kGa 
+-4 

- sin201 
Q2 

6(2)(;;T-ca-Gb) ~(xz,-xa-xb) 6(Q2-xa+ . 

The angles 8 and $I are defined in the pi rest frame. In this frame, the 

polar (i) axis is chosen along the direction of the incident pion; 

case = r; ~ l P, * 
The (G, i) reaction plane is the plane defined by Gx 

and $,, with sx chosen to have a positive component of momentum along 
A 
X. The azimuthal angle $ is measured with respect to 2. In the approxi- 

mation in which I am working, G 
-+ 

X 
= pl. In practice, some smearing of 

the angular distribution predicted in Eq. (11) is to be expected from 

the non-zero nucleon constituent transverse momentum cTb which I have 

neglected. 



-ll- 

In Eq. (111, GqlN is the quark structure function of the nucleon. 

To obtain Eq. (ll), an expansion in inverse powers of Q2 was performed, 

and discarded from the square brackets were subasymptotic terms which 

are of order QS2k,$l-xa) and Q-4ga(l-xa)-1. The contributions from 

sea quarks and antiquarks in the meson and nucleon are also ignored in 

Eq. (11). Equation (11) is accurate in two Q2 + 03 limits: (a) the 

fixed xa Bjorken limit, and (b) the fixed W2 = (1-xa)Q2/xa limit, with 

W2 >> k2 
Ta' The neglected terms in Eq. (11) must be retained at modest 

Q 2 for xa very close to 1 (> 0.95). If scalar instead of vector gluons 

were used in the amplitude, the only changes in Eq. (11) would be the 

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

Eq. (11) stands, it would appear that the cross section diverges as 
-+ 
k Ta * 0. However, a finite answer should be obtained once finite masses 

are restored and the full confining preperties implied by $I(;) are 

implemented explicitly. 

In the Bjorken scaling limit, Q2 + m, at fixed x a' the valence 

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

G- q,p) = a (l-d2 . (12) 

The corresponding kT fall-off produces pairs with a Qi4 distribution 

(for k2 Ta << Q2). 

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

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

function. After averaging over cos8 and over 4, we obtain: 

G4/n 

<kGa> 
+ (l-x)2 + a ~ 

Q2 * 
(13) 
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The non-scaling contribution is independent of x and will dominate the 

scaling contribution at fixed Q2(l-x) as Q2 + CQ. In our model the 

relative magnitude of the scaling and non-scaling terms is fixed. 

(ii) The non-scaling l/Q2 contribution corresponds to a longitudinal 

structure function and provides a sin20 term in the angular distribution 

da/dco&, in contrast to the conventional expectation of (l+cos20). At 

fixed Q2,* the 2 sin 0 term dominates in the cross section as xF + 1. The 

usual rule that annihilating spin-a quarks produce transversely polarized 

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

case, the 4 is kinematically far off-shell since, as x~ + 1, all of the 

momentum of the recoil spectator quark must be transferred to the 

annihilation subprocess. In this situation the spin of the incident 

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

the bound state effect can be identified with a "high-twist" subprocess, 

since more than the minimum number of elementary fields is required. 

Although the large xF limit is stressed here, the sin28 term should be 

important also at fixed xF when T = Q2/s + 1. In this latter limit, 

X + 1 also. a 
(iii) A significant non-scaling, non-isotropic azimuthal angle 

dependence do/d+ is predicted in Eq. (11). At fixed Q2, the coefficient 

of the COS$I term in the square brackets of Eq. (11) grows as (l-x,) 
-1 

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

contributions to do/d@ proportional to ~0~241 sin20. However, in this 

model, the cos24 terms enter multiplied by factors such as QD2k$,(l-xa) 

and are therefore discarded in the approximation to which I am working. 
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Identification of the non-scaling piece in the data can be made in 

several different ways: the x dependence of the cross section at fixed 

Q2,s; the angular (.0) dependence at fixed q,Q2,s; and s dependence at 

fixed Q2/s. 

Subsequent to these predictions, the change of the angular distri- 

bution du/dcos8 with x, predicted in Eq. (II), was observed by the 

Chicago-Illinois-Princeton collaboration.4 Their results are shown in 

Fig. 3. A polarization parameter a may be defined by expressing 
n 

da/dcose 0~ lfacos'e. In our model, a = (,l-r)/(l+r), with 

r k 
9 

<<a> 

Q2(.l-xa12 * 
(14) 

The expected value of <kga> is somewhat uncertain. In the data, <Ga> 

cannot be identified precisely with the mean of the square of the trans- 

verse momentum of the annihilating antiquark. The parameter <kGa> in 

our formulas effectively includes the mass terms which were dropped when 

we set and rnz = 0. Accordingly, only a rough estimate of <kGa> can 

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

GeV2 in IT-N + J.IFX at 225 GeV/c and in pN -t p:X at 400 GeV/c. Therefore, 

is not unreasonable to expect that <ki,> = 1 GeV2. Curves of a versus 

X a obtained with this value of <ki,) are shown in Fig. 4, along with 

values of a extracted from the data. 4 The agreement is good. 

Owing to the limited range of Q2 in the data, it has not been possible 

yet to verify the Q‘ dependence predicted in Eqs. (13) and (14). However, 

the data may be fitted4 to the form specified in Eq. (l.3), and a good fit 

is obtained with <<,> = 1.150.2 GeV2, in agreement with expectations. 
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These results should encourage a much more detailed experimental 

investigation of the large xF region in n-N + ppX, with broad angular 

coverage so that the distribution du/dcose dQ can be obtained precisely. 

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

should not expect that data on TN + u;X taken at different energies 

should all lie on a perfect scaling curve when plotted in the traditional 

form of M4d2u/dM2dx F' Correspondingly, the non-scaling effect in Eq, 

(13) should be taken into account before an attempt is made to interpret 

any observed non-scaling behavior purely in terms of log Q2 QCD effects. 

It is important to ask whether large sin20 contributions to du/dcosB 

can be generated by processes different from the hadron structure effect 

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

Purely kinematic constituent transverse momentum fluctuations' perturb 

the q< longitudinal axis and thereby produce an effective sin26 component. 
-f 9 However, at small Q, this effect was shown to reduce a only to about 

a = 0.8 in do/dcose = (1+acos2B) and, more importantly, to be independent 

of x F' Second, free gluonic radiation from the initial 4 or q in 

44 + Y*g, as well as the initial gluon process ig -+ y*q, will lead to 

a non-vanishing longitudinally polarized cross section, growing in 

importance with the transverse momentum 5T of the lepton pair. 10 This 

effect, however, does not grow with xF at fixed QT. Just as for the 

quantity R = UL/UT measured in deep-inelastic processes, the free gluon 

radiation effects in QCD are most important at small xF. 

The agreement of the data with the structure function presented in 

Eq. (13) resolves a paradox. Earlier, 11 it had been reported that 

GEXP 
s/n 

0~ (l-x). However, experimental observation of an effective (1-x)l 
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behavior of the quark structure function of the pion is incompatible 

with general crossing arguments for Born diagrams which mandate only 

even powers of (l-x) as x + 1 when a fermion is extracted from a meson. 12 

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

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

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

(averaged over all xF) of l+acos28 with a I: 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 (l-x) appear. The critical test of this assertion is the identifica- 

tion of the predicted sin28 behavior of the decay angular distribution 

at large x F' 

In baryon (or antibaryon) induced reactions, BB + u;X, the l+cosLB 

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

spite 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 = 213 if we 

take into account the subprocess (qq)+i + q+y* with a bosonic diquark 

system. 13,14 These effects may be related to the anomalous value of 

uL/"T observed in deep inelastic electron scattering at moderate values 

of Q". 

We emphasize that the dominance of the longitudinally polarized 

cross section (a sin2e) as .xF -+ 1 in ITN + 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 sin2e/Q2 term is a higher-twist 

effect in QCD, in that more than the minimum twist q< + y* configuration 



-16- 

is required to produce it. Observation of the sin2e/Q2 term in the 

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

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

a-N + u;X, for values of Q2 as large as -20 GeV2, suggests that higher- 

twist effects should be examined carefully in all other high energy 

processes as well. 

IV. Single Pion Production in Deep-Inelastic Scattering 

I consider next the process 2N -t R'TX, as sketched in Fig. 5(a), 

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

the case of UN) define the positive longitudinal (2) direction: 

Q = P& - pRt (15) 

The final pion has transverse momentum ST 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 
71 l PN/Q l PN* In the lab frame 

z = ET/v. The initial quark from the initial nucleon in Fig. 5(a) is 

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

the nucleon's momentum, and no transverse momentum. The intermediate 

quark P, in the subprocess Q+xpN + r+q is then off-shell and timelike, 

with 

2 

Pi = 
PT 

z(l- z) * 

Notethatas z+l, pi+m. 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 
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the derivation of Eq. (.16). Note that here x = (pi-Q2)/2Q l pN, and 

Q2 < 0. 

For large z ( 2 0.5) we may use the arguments developed in Section 

II to represent the process q + I~X by the diagram indicated in Fig. 5(b). 

The gauge-invariant set of diagrams for the process RN -t R'rX is presented 

in Fig. 6. To describe the lepton kinematics, it is conventional to use 
+ 

the variable y = Q* pN/pa l pN. The initial and final lepton momenta are 
A A 

chosen to lie in the (x,z) plane, both having positive 2 components of 

momentum. The angle $ is the azimuthal angle of pV relative to this -f; 

direction. 

Evaluating the Feynman diagrams 

or for eN -+ e'?rX, I obtain the cross 

in Fig. 6 explicitly, for uN -+ P'ITX 

section (for pi << IQ213 and large z): 

1 
q/NW dx ;I 2 

Y PT Q 

(17a) 

Here Q2 < 0. Terms have been dropped which are down in magnitude by 

powers of (l-z) or of p$Q2 relative to those in the curly brackets in 

Eq. (17a). Thus Eq. (17a) is accurate in two IQ21 + m limits: (a) the 

fixed z, Q2 -f ~0 "Bjorken limit", and (b) the fixed (l-z) IQ21 limit, with 

(1-z) IQ21 >' P ;. The omitted terms must be restored at very small Q2 

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

to cos 241; however, the coefficients of these terms are of order 
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(1-z) ~$9~. They are therefore negligible in relation to the terms 

I retain, which are proportional to (l-~)~, (1-z) (p;/-Q2)', or ~$9~. 

For vN + ~-IT+X, the expression in curly brackets in Eq. (17a) is 

replaced by 

1. (l-z)2 -I- * (l-z)(l-y)$ cos$ 
4P; 

% 
( 1 -Q2 

+ $ (1-Y) . (17b) 

For <N -f ~f-x, the term in the curly brackets. in Eq. (17a) becomes 

i 
(l-y)2(l-z)2 + 3 (l-z>(l-y)3/2 cos4fji; +$ (l-y,(J$)} . 

(17c) 

A wealth of predictions is embodied in Eqs. (17) involving the 

correlated behavior of all the variables z, y, p G, and 41. 

(i) In the fixed z, Q2 + m limit, the cross sections in Eqs. (17) 

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

du/dy a Cl+(l-~)~l for uN + P'ITX, du/dy 0: (l-~)~ for 3N + + p ITX, and 

du/dy independent of y for vN + N-ITX. However, important deviations 

are predicted at finite Q2, as described below. 

(ii) According to Eqs. (17), for RN + R'rX, the distribution 

do/dpi is expected to decrease as pG4 (for p; << Q2), except at large z, 

where a less rapid pi2 behavior sets in. Thus, the mean <pG> should 

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

phenomenon is distinct from that associated with gluonic radiation 

diagrams.6 The two effects may be distinguished in the data by their 

different dependences on z and Q2. 
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(iii) .In the limit Q2 -+ m, the y and z dependences in Eqs. (17) 

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

function may be extracted from Eqs. (17). For z > 0.5 and Q2 + a, 

D a,q(~ , Q2) + Cl- d2 , (18) 

Moreover, after averaging Eq. (17b) over y, #, and pi, one may identify 

a signifikant non-scaling term in D T,q~.~,Q2) : 

D r,q(z,Q2) (19) 

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

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

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

proposed by Feynman and Field, 15 except for the important difference 

here that the constant term (independent of z) falls as 1/Q2. A com- 

parison of Eqs. (12) and (18) shows that (for x > 0.5) 

G- (x, 1Q21) a D 4/v r/q (x, IQ211 , 

as expected from general arguments. 12 
Upon multiplying Eq. (19) by 

zN-l and integrating over z, one may obtain a prediction for the Q2 

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

Eq. (19) is valid only for z 2 0.5. 

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

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

0, I obtain: 
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For ep + e'nX or np -+ n*aX, 

o(z,y,Q2) a (l-z)2 [I+ (:-y)2]+ + (l-y) (-$) . (20a) 

For vp + n-*+X, 

dz,y,Q2) a (l-z)2 + $(1-y) 

For 3p -f n+n-X, 

dz,y,Q2> a (1-z)2(1-y>2 + $(1-y) 

(20b) 

(2Oc) 

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 0 (l-y)(p$/-Q2) is the analog of the $ sin28 (k$Q2) 

term found in n-N + nix, 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 

r-N * IJ;X. 

(v) Note that in the limit z -f 1 at fixed Q2, or in the limit 

Q2 -+ ~0 with Q2(1-z) fixed, the terms which dominate in Eqs. (17) are the 

unusual, higher-twist terms a (l-y). Thus in either of these limits, 

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

varying as (l-y) for all three processes: UN -t u'rX, vN + p-r+X, and 

<N + ,+T-X. 

(vi) The 9 distributions in Eqs. (17) are particularly interesting. 

Ignoring for the moment th.e terms proportional to p$Q2, I find 
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<cos+>eN = 1 
c1 - z, 

(2-y) u-y+ ; 

3c1+ (1-y)2l 

4P; 
% 

<COS$JvN = - ( 1 (l-y)% 

-Q2 
3(1-z> ; 

4p; + 
<cos$>-,N = - ( i 1 

-Q2 
. 

3(1-z)(l-y) % 

(214 

(21b) 

(214 

In all cases, the asymmetry is positive. The y and [pG/-Q21s dependences 

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

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

increase of <cos$> Q 1/(1-z) as 2 increases. For z very near 1, the 

neglected pi/-Q2 term in Eqs. (17) should be retained; the growth of 

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

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

(l-z)' expected from QCD gluonic radiation 16 and with the z independent 

behavior provided by pure kinematics. l7 The (l-z)-l asymmetry calculated 

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

from including explicitly effects associated with the pion bound state. 

The complete behavior of do/d@ may be predicted only after inclusion of 

the QCD gluonic radiation effects and the kinematic effects associated 

with transverse momentum fluctuations of the initial quark. Since the 

17 
gluonic radiation 16 and the kinematic effects appear to provide nega- 

tive values of <cos$>, the effects predicted in Eqs. (21) will be some- 

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

proportional to 1/(1-z). 
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The asymmetry <cos2@> may also be computed. However, in the 

approach described here, I find 

2 

<cos 2+> = pT 

-Q2(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 

RN -t R'ITX. In a more complete investigation, off-shell effects associated 

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

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

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

section. A thorough treatment of the low Q2 domain in RN + R'aX should 

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

13,14 subcomponents of the nucleon. 

Although evidence 15 is present already in the data for a non- 

vanishing component of D T,q(z.Q2) as z -f 1, detailed verification of 

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

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

from resonance decay: q + RX, R + TX'. The fragmentation function in 

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

q -+ ITX component. (This type of complication is not present in 

r-N + nix, where the IT + qX structure function is determined.) Neutrino 

reactions, vN + n-*+X, would seem to offer the best opportunity to 

examine D T+,q(z,Q2) clearly, and to test the other spin-related pre- 

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

background from indirect sources, such as q + p" +- +71lT. In an attempt 
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to remove backgrounds, it might be useful to compare the predictions 

with data on the difference of the 71 + and R- yields. 

Y. e+e- Annihilation 

The process e+e- -t nX may be handled by the same methods discussed 

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

in Fig. 7: After evaluating the amplitudes explicity, for Q2 >> k2 and T 

for large z, I derive the cross section 

do 

dk;dzdcose 

k2 
(~-z)~(~+cos~~) + $ --+ sin20 

I 
(22) 

Q 

Here z = 2pa l Q/Q2, Q2 > 0, and +c is the transverse momentum of the IT 

with respect to the direction of the decaying quark pa in Fig. 7(a); 

c0se = i 
,. 

71 l P, in 
the overall e+e- center of mass frame. The first 

term in Eq. (22) displays the expected jet axis distribution (l+cos28) 

characteristic of a transversely polarized intermediate y*. In the 

limit Q2 + 03, one may again identify a quark to pion decay distribution 

D .,,(z,Q2) = (l-~)~, for z > 0.5. However, for fixed Q2 as z -t 1 or 

for fixed Q2(l-z) as Q2 -+ 00, the second, non-scaling term in Eq. (22) 

dominates the cross section.3 The second term is proportional to 

sin20, characteristic of a longitudinally polarized intermediate y*. 

At large enough z, the exclusive process e'e- + ITIT will provide an 

important contribution to do/dcos0. The cross section for this exclusive 

process is necessarily of the form da/dcos8 = sin2C3, and Eq. (22) there- 

fore is endowed with the correct exclusive limit. However, Eq. (22) is 

derived from a purely inclusive amplitude for e+e- + TX with no imposi- 

tion in the calculation that X + IT as z + 1. 
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Rewriting Eq. (22) in the form da/dcose = C1+acos2B1, I obtain 

1 a = 
1;: , (23) 

with r = (,4/9)<ki>/CQ2(l-z)21. The form of this result is identical to 

that derived earlier for the angular distribution of the final u in 

w-N -f p;X. For comparison with data, one must bear in mind again that * 

the parameter <ki> effectively includes mass terms which were neglected 

in the calculation (mq=O, mlT=O, mX=O). Therefore, <k;i> may not be 

equated directly to the measured values of the mean of the square of the 

momentum transverse to a specified jet axis. 18 A second difficulty must 

be faced. The Eqs. (22) and (23) apply only to pions produced directly 

from quark fragmentation q * TX, whereas a substantial fraction of the 

observed pions probably arises through the sequence q -t RX, where R is 

a resonance; R * ITR'. The resonance terms do not necessarily provide 

both 

same 

sin28 and (l+cos28) contributions in the same ratio and with the 

z dependence as shown in Eq. (22). 

Bearing in mind the doubts expressed above, one may note neverthe- 

less that Eq. (22) predicts that the distribution do/dki should flatten 

as z increases, with <ks> growing with z. This trend is observed in the 

data.18 For z 2 0.5, data 18 from e+e- -t hX suggest that <kt> M 0.25 GeV2. 

Using this value, I obtain the curves of a vs. z shown in Fig. 8. The 

+- annihilation process e e + ITX is therefore a third reaction in which to 

attempt to identify and measure the strength of the non-scaling higher- 

twist effect related to the far off-shell behavior of the pion wave 

function. 
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VI. High pT Single Pion Production 

The diagram in Fig. 9 shows one of the members of the gauge-invariant 

set of graphs for qq + "qq relevant for the description of hlh2 + TX at 

large transverse momentum PT. Evaluating these diagrams explicitly, in 

the same fashion as discussed above, one may obtain the cross section 

- 
Eda -0c 
d3; 

(l-XT)2 ++ (l-xT)O . 

pT 3 
(24) 

Here pT is the transverse momentum of the final IT measured with respect 

to the incident hadron hlh2 direction, and xT = 2pT/&. Obvious in 

Eq. (24) is the usual asymptotic decrease 0~ -4 
'T ' multiplied by the same 

quark to pion decay function = (1-xT)2 deduced in e+e- + TX and in 

RN + R'ITX. The second term in Eq. (24) is smaller by a factor pi2, but 

-2 
it is enhanced relative to the first by the factor (l-xT) . The well 

known "trigger bias" effect 19 implies that observed pions are those with 

maximum x T' Thus the second "non-scaling" term in Eq. (24) should have 

considerable practical importance in studies of hlh2 + ITX at large pT, 

providing a substantial pi6 component of the cross section. Full details 

of this study of high pT production will be published elsewhere. 

VII. Diquark in the Nucleon 

I want to mention briefly a recent discussion 14 of the x and Q2 

dependences of the ratio R = oL/aT in deep inelastic electroproduction 

ep -t e'X. Contributions to aL may arise from at least three sources: 

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

radiation diagrams, and (iii) higher-twist hadronic structure terms 
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analogous to those discussed earlier in this report. The x and Q2 

dependences of these three contributions are different, with the higher- 

twist effects being particularly significant at large x, where the QCD 

gluonic radiation terms are negligible.6 

In order to compute hadron structure effects associated with the 

nucleon, an explicit model for the nucleon bound state must be devised, 
* 

similar to that discussed in Section II for the pion. The dominant 

contribution in the large x limit is provided by the three quark com- 

ponent sketched in Fig. 10(a). An approximate treatment of this three 

quark system will be presented here. 

Two of the three quarks in Fig. 10(a) may always be paired in a 

diquark (qq) system with integer spin. 13,20 It is then interesting to 

consider the coupling of a virtual photon either to the bachelor, un- 

paired spin-s quark as in Fig. 10(b) or to the diquark as in Fig. 10(c). 

Treating the diquark for the moment as a massless elementary spin-zero 

system, one may quickly devise a gauge invariant set of scattering 

amplitudes corresponding to Figs. 10(b) and 10(c), with one gluon 

exchange used to represent the far off-shell behavior of either the 

quark, or of the diquark, in the large x limit. This treatment parallels 

that described for other processes in earlier sections of this report. 

For the case sketched in Fig. 10(b), I obtain a cross section which 

is purely of transverse polarization character, even in the limit x -t 1 

where the spin-% constituent is far off-shell. From Fig. 10(c), I obtain 

contributions to both uL and oT: 

"L = Ad(l-x)2 ; (25a) 
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<k;> 
LA - 

'T = 2 d 
Q2 ' 

(25b) 

Because the scattering in Fig. 10(c) occurs from an integer spin system, 

the longitudinal cross section uL is dominant asymptotically as Q2 + m. 

However, the transverse term aT takes over as x -t 1 for fixed Q2. In 
n 

Eq. (25b), <+> is the mean squared transverse momentum of the diquark 

system in the nucleon (again, masses are neglected). Summing the con- 

tributions from Figs. 10(b) and 10(c), one may obtain cross sections for 

ep -f e'X: 

4) 2 2 
uT = A(x)(l-x)~ + + Ad - 

Q2 
F(Q) , (264 

and 

aL = Ad(l-x)2 F2(Q2) . (26b) 

The diquark form factor F(Q2) represents the fact that the diquark 

is a composite (qq) system. 13 It is parametrized as 

NQ2> = (d2 + Q2)-l , (27) 

with c12= 2 GeV2. In Eq. (26), the function A(x) is slowly varying, and 

the constant Ad may be related to the probability to find a diquark in 

the nucleon at some specified x and Q2. From the parameters determined 

in Ref. 14, it appears that for Q2 N 2 GeV2 and x N 0.5, the probabilities 

are equal for scattering from the free quark and from the diquark. 

The ratio R = oL/oT obtained from Eqs. (26) obviously increases 

with x at fixed Q2 over most of the range of x, before falling to zero 

at x=1. To fix the free parameters in the equations, data on the Q2 
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and x dependence of F2(x,Q2) : aL+uT were fitted for x > 0.4 and 

Q2 > 3 GeV2. The resulting curves for R are compared with available 

data21 in Fig. 11. The data appear to be more constant in x and Q2 than 

the theoretical expectations. Improvement in the low x region may be 

expected from the inclusion of QCD gluonic radiation contributions. 
6 

However, what is important to note in Fig. 11 is that the magnitude of 

R at high-x and low Q2 may be reproduced adequately with this model of 

a higher-twist contribution, represented here by diquark substructure. 

Further experimental checks of the diquark idea are proposed in Ref. 14. 

VIII. Summary 

Several testable new predictions may be obtained if the scope of 

perturbative QCD calculations is enlarged so as to include aspects 

of the binding of constituents into (color singlet) hadrons. Since these 

effects are related to hadronic structure and involve mass or transverse 

momentum scales, it is not unexpected that they yield non-scaling contri- 

butions to cross sections which are reduced by a power of Q2 from the 

asymptotically dominant scale invariant terms. However, as shown here, 

the new higher-twist, structure-related effects have a different depend- 

ence at fixed Q2 on such variables 'as x and z. Accordingly, they may, 

and in some cases do overwhelm the scaling terms in numerical importance 

in specified kinematic regions. The new effects may also lead to sizeable 

longitudinal polarization, absent from an approach in which constituents 

are treated as free and on-shell. Correlations are also predicted in the 

behavior of cross sections as a function of kinematic variables including 

x, Z¶ Y, 0, and pi. 



-29- 

In the conventional QCD approach to hard scattering processes, 

where the initial and final constituents are treated as free and on-shell, 

scaling violations (the dependence of cross sections on log Q2/A2) arise 

from higher order processes in which gluons are emitted. Nothing in this 

report is in conflict with this conventional QCD approach. Rather, an 

attempt is made here to emphasize different physics. In a complete 

treatment, both hadron structure and gluonic radiation effects should be 

included. Confusion or conflict may arise, nevertheless, in the inter- 

pretation of phenomena observed experimentally. Data over a limited 

range in Q2 cannot be used with certainty to distinguish a logarithmic 

fall with Q2 from the inverse power dependence expected from higher- 

twist effects. 22 Likewise, it may be inappropriate to identify various 

non-factorizing effects, or correlations in the data, with next to 

leading, higher order QCD corrections without first examining the rele- 

vance of hadronic-structure effects. 

From a theoretical point of view, higher-twist terms must be present. 

The data from r-p + nix, discussed in Section III, and perhaps the 

behavior of R show that their contributions are significant. In those 

reactions where typical values of Q2 tend to be small, the relevance of 

higher-twist effects should be particularly enhanced. In an effort to 

identify and isolate these hadronic-structure effects, effective use may 

be made of their characteristic x and z dependences, their spin/polari- 

zation properties, and the other correlations discussed in this report. 
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FIGURE CAPTIONS 

(a) Vertex in which a quark is removed from an incident IT; II -+ qX. 

The quark carries four-momentum pa. 

(b) The shaded oval represents the full wave function for pion 

dissociation into an on-shell system (upper line marked with 

an on-shell cross x) and an off-shell quark pa carrying four- 

-momentum squared pt. In the large pi limit, the large 

momentum behavior of the full wave function can be represented 

by single gluon exchange, as sketched on the right-hand side 

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

at small momentum, where all lines are essentially on-shell. 

* 
Diagrams for 'tTq * y q, y 

* +- 
+?Ju - Solid single lines represent 

quarks. symbols Ply Pa, pb and PC denote four-momenta of quarks, 

and k is the four-momentum of the gluon. 

Results from the Chicago-Princeton collaboration (Ref. 4) on the 

variation of the distribution do/dcose with xa in IT-N + n;X at 

225 GeV/c. Curves drawn through the data points are fits to the 

form [i+ac0s2e1. 

Polarization parameter a as a function of xa for IT-N + n;X at 

225 GeV/c. The curve is a prediction of the model discussed in 

the text. Data are from Ref. 4. 

(a) Sketch of RN -+ R'ITX; Q labels the exchanged y* or W. The 

intermediate quark labeled pa is off-shell and timelike. The 
I 
~ 

initial quark from the incident nucleon carries four momentum 

xP N' 

(b) On the left is a diagram showing the dissociation of an off- 

shell virtual quark into a pion plus X. The shaded oval 
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6. 

7. 

8. 

9. 

10. 

11. 

represents the full behavior of this amplitude. At large 

squared four-momentum pz 2 where pa a Pi/ (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 (x) are essentially 

on-shell. 

Gauge-invariant set of diagrams for RN + R'ITX; k labels the four- 

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

labeled TT, R and R', are quark lines. 

Gauge-invariant set of diagrams for e+e- + ITX. 

Predicted behavior of the polarization parameter a as a function of 

z for e+e- -+ nX at two values of the center of mass energy. 

One of the gauge-invariant set of,diagrams for hlh2 + ITX, via the 

subprocess qq + Tqq. Here Q and k label the four-momenta of gluon 

exchanges, and pa denotes the off-shell quark. 

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 is coupled to the bachelor 

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

Figure taken from Ref. 14 showing R(x,QL) = "I/UT for ep + e'X as 

a function of x for six values of Q2. The solid line is obtained 

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

Ref. 21. 
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