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variables will be specified more procively below.  Soversi testabie o

predictions emerge from the treatuent prescnted fwre:

[¢3]

(2)

[&)]

The % and Q2 dependuences of the quark stracture function of the
! .
plon G / (x,Qz) are obtatned explicitlv {in the lowest order of
L]
2 . 2 o o N . 2
3.(Q7)). In the limte @7« o for x 3 0.5, &/ (x,Q Y o= (1-x)".
However, a large non-scaling pivce is also present, with o Jifferem

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

2

. <ko>
¢ . (ex)t s L L (%)
q/n 9 QZ * :

Here (ki) {s a parameter which effectively includes mass terms as
well as the square of the transverse momentum of the annihilat!ing
G from the pion in 7 N + uliX. This prediction has been tested
recently in experimental Studtcsh of M ~ uuX, and s cr;nslstrnt
with the data.
The z and 02 dependences of the guark to plon fragmentation dis-
tribution D‘/q(z,Qz) are also derlved (for z > 0.5):
ady
b 20D < 2?ed )
Q
Explicit non-factorizing correlations are predicted fn the jotnt
distributions of variables usually conuidered to be separable,
Some of these are:
{a) 1In decep-tuelastic leptan scatterfng, N ~ 2'nX, the v dis-
tributfon {s shown to deread steongly on #, where y
Q- pN/pl Py and o7 Pyt pN/Q TPy Morvover, the ,v,;; spevtr

should depend strongly on 2, and foportant o dependent o

-

tries are predicted In the azimuthat angle distribution do/ds.



L R e I T N L N SR I A ] CRT S I

Vrudinad o onenter tra et St lert g

dr v 0T e T -
NS
W My 2, .
Yo 3 T R )
) Q

At fixed Q7 (o }!;u). aa %t fuervancd the diatriburton do/dvond de
changen from that cluracteristdc of 4 tranaveeacty poalartzed virtaal

photon 2o that

aefated with a Teagbtudioally potartsed virtual

phoetc The x vartattlon of daldeoas predicted in Fq.o (') han

recently been observed,”

Inclusion of effects aqaocfated with the plon wave huw!l(-ns primits
an explicit evaluation of fmporrant oon-scallny, l/Q'! terme in
varfous crods scctiona,  Although tepdiptble at truly asvaptotic
vnergies, the I/\E" terms are ghown here te be cspecfatly large on

wne kinezatic repions, notably ot targe x in the Prell-Yan pracese

and/or larpe 2 o Jdeep inclastle saattering, where the leading
2
avatfng terme (up to log 07 vfferts) are anemilounty small. The
’
Yron=seal fng” terna are in fact deminant for fixed @7 (1 x) [or

Fixed 050140 ) an o s, Knowledie of the expected torm and

) N
of these 1/QY teems o wartant Car fudptng hew high 10 Q' e

et e before Jata can be uned < ety o 1est the logsrithmte

3 vh-h!l.\:m“ annoclated wit - pluenle radiattve offectn in

perturbative 20D, Knewledpe of the 1707 term alno promits CD

Stta te data In a recion of mededar @7 where the anymptot s avaling
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terms alotee arg fnapplicable,  The results may be particularly
relevant therefore for reactlons in which typical values of Q: are
not larpe. The 1/02 effects obtained here are "hilgher-twiat”
of fects {n QCD, in that they arfse from evaluagfug scattering
amplBtudey In which more than the minimum number of elementary
coftstituents participate,
(5) Most of the higher-twint cffects T dincuss tn this paper are related
to the crows secrions o for louploadtvally patarlzed 1";& and ®'a,
The explicit forms for the cross sectiona, for transversely palarized
y. and W', as well as for longlrudinally polarized v. amsd W' are
dortved here, vith spectfied velative magnttude.  Thus, predictions
are provided for the napgnitude and Kinematdc variation of quantities
such as uI'/aT .
In the parton eodol aud dn the convent fonal OCP approach to spoeen
such as those (n Eqs. (1)-(4), it is customary first to lsolate a basic
pointlike constituent scatteeing provesa. The overall cross sectlion ix

then expro:

as a praduct ol three tneoherent probabilistic factors,
vepresenting (1) the dennliy of "free” on-shell constituents of tn,
hadrons tn the tnirial state, (1) the constitoent to zonstituent
seattering cross section, and (ili; the probabliity that the “rree”

on-shell final constltuent “decays” {nto the ohaerved final state
hadrons.  The work described here is motivated by 2 destee to po bevond
this simple approach, and ta deal with the fact that constituents are

boynd in hadronle wave functlons and are of toep

not free, but are alw

consliderably o.’f—:;hc”.7 Indeed, at larpe x and/ar a1 darge s, constlte

uents are pulled far of f-shell.  Arcordingly, bound stare effeetn not
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sermally consfdered dould grow tn releoance, and the atandard quark=
parton rodel assumption of on-phell constituents beomes (ncreaningly
quent fanable, tue of the consequences of aumabe Ll belivior te tae
domtuanee of the crous sections ansaciated with tranaversely pofariced
vietual photoan and K'a,  When apla-1/2 constitaents are far off=ahell,
however, the Tongitudinally polavized cross secltionn may take over,

resulting in aubstant{al changew in e

rvable amular diateibutions,
Pata should be examined (h an ef fort to eatabliah thin qualitative eftece,
regatdlens of the detatln of the apectiftc medel for bound ntate, of f-
shicll hehavior presented here,

The Feynmen diagrams [ use are the simplest torn diagrams o usintent
with the deslre to bneiade plon strueture offecta, Aigheesorder diagcan
v e drawm (o QCD dnvelving, for example, the tadlatlon ol free »'.l'lnnq"
into the final artate. These vield loparittinie (log <)"\ med i deatfons to

the resules 1 opresent, and stould be caliobated tnoa fater more petined

fnveatigation.  The chve flects predicted here are amenable to

caperimental check,  Senc neve aleeady boen tented with data w0 N oo

e procens v 50 e treated o Sedtios Bl In Sectdonn 1V, V)

P A L P 11

N el A !

Py oap® T foocresented b heetton VI, and 3
et ot pendodn Dennden VU]
S Madel ter e Pien

The st foc relar gyl ‘ Cvaten At one pretense oomade
Sere hnat b Faceped b et However, 1n gorme woll defined
(SRR AT S R TRl B - The s v cuark tor antioguark) Cone

irpe marbentan behavior of the
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wave furction can be handled with first order QCD perturbatfon theory,
1.e., by single gluon cx:h:.mge.a This approximation corresponds to the
first iteration of the Buthe-Salpeter kernel. WHigher {terat lm\sﬂ provide
logarithmic (log Qz) corrections to the first order results presented
here. The specific region of phase space amenable to this treatment is
that in which the [ractional longitudinal momentum x of the constituent
is levge, x 2 0.5.

Consider the process sketched in Fig., l{a) in which a quark con-
stituent is removed from the pion. 1f this quark carries longitudinal
momenium fraction x [light-cone variable] and transverse momentum kT'
rolative to the initial plon's direction, then cnergy momentum conser-
vation mav be used to show that

2 gl
N

P T T [Eey LS

(8)

Here Hx is the mass of the un-shell spectator recoll system, and pi in
the square of the four-vector momentum ol the active quark. Equation
(8) Indicates that if x is large a.d/oc k;z is large, the quark Is far
off~-shell {and spacellke). ,his large momentum (P:Zx large) behavior of
the pion wave function may then be approximated by single gluon exchange,
as sketched in Flg. 1(b). The lines with crosses (x) in Fig. 1(b) arc
all essentially on-shell, carrying small pz. The unshaded oval in the
diagram en the right-hand side of Fig, 1(b) represents thc unspecificd
small momentum bheavior of the pilon wave furction, represented here
simply by the wave function at the origin, ¢ (?=0). In the specific
calculations discussed below, I treat the on-shell spectator system,

the upper line in Fig. 1(b) as a single on-sheil masslesa quark.


http://approxin.it

Caleulatfons can be dene {0 ®hich fhe dpectater sy

tem fs taken Lnstead
to be a acate of several quarks and sloens \higher Foch state A‘mnponcnzsa
of the pios wave fanction), However, such diagrams ¢icld contribations
to cross sections which decrease with a greater power of (1-x) (or of

(1-2) 1 than for the icading terms which I retain,

111, The Drell-Yan Process

1 discuss first the rcactinnl 2N » yuX. A new result reported here
for the firar time is a prediction for the azimuthal angle dependence of

the cross sectlon. The domfnant coutributlon to n N =+ upX at large

Q% = ipu +p:) arlses from the onaibilation tm - y* + pu, where the
antiquark & cumes from the s and u frew the nucleon. 1t {8 conventional
to treat both the incldent u and the incldent 1 as free, on-shell, mase-
tess constituents. Doing so, cne obtalus fmmediately the prediction that
the angular Jdistribution of the final lepton should fotleow the foram
do/deosy = () *mr:‘szt‘). with as 1. Thisx form I8 characteristic of the
coupling o1 a transversely polarfzed virtual y' to on-shell fermions,
Here cosq = ﬁu vﬁ“ in defined In the wp rest frame,  For modest trana-
verse momenta of the lepton palr, small deviations from a= 1 are cxpested
due to constituenc transverse momeatum Hucumtlouu.g

As the longitudinal momentum fraction Xp of the u; pair is increased
rowiards its kinematic limir, or as 1 = Qz/s + 1 at tixed Xps the annihi-
lating ant{quark in the pion iz forced to carry a larpe fractional momentum
x and is pulled off-shell. Accordingly, bound state and longitudinal
polarization cffects grow {n potential importance. [ concentrate on the
kinemitic region where only the 0 ts far off~shell (i.e., LI . It

Is sufficient to treat the u quark as nearly free and on-shell.  Thus,
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the incident nucleon structure is {gnored, and [ specialize to the
reaction w‘q - v‘q.

Relying on tie discussion (n Section 17, oue may draw the two
towest-order dlagrams shown in Fig. 2. Both diagrams In Fig. 2 are
required by paupe fnvarfance, although In o physical (axial) gauge,
the scaling «ontributions as Q?' =+ = can be identified solely with Fig,
2(a), The incident neson momentum p is partioned equally between the
constituent d and u. 1f this simplifving approximation Is discarded,
a modest change occurs In the prediction of the relatlve 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 varlables X, = (pg + p‘_:i)/(po + pz). and an . With pf = mz,
where m denotes the bare quark mass, energy and momentum conservation

may be used to derive

v 2 2
2 k'l':n toxnt - xa(l- xn) P .
p. = - . (&)l

A-x)

2

As L 1, p; becomes large and far spacelike. The squared four momentum
carried by the gluon in Fig. 2, k2 = (;:1-!ﬂ;)2 =Y (pi"‘mz) - !l,ml , also
becomes large as LI 1.

The invariant amplitude corresponding to Fig. 2 is

[S10)}
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The equality Z u\— = (spem) Y, specifies that the Ud bound state
1

is o puewdoscalar,  The factor Y (;-G) i Eg. (10) ropresents an
Integration ever the wnspeeificd sott momenta in the pion wave funeticn.
Note that {n this calculation the quark trapsverse momentom k'l‘ enters
explicitlys It s not an arblerarily ass(gned "{ntrinsle” or "promordial”
kT .ssacfated with the 44 binding in the plon wave fuactlon,

For simplicity in what follows, I set mZ 21 and mf = 0, and restrict
attention to k%., << Q'l. Using the amplitude in Eq. (10}, onc may compute

an explicit expression for the cross section for s N = wuX.

2
e fz* 2s B
et et e Tk R G G )
d0? 4"4 ax, deose d Ta % © e S Ba et Feb
11
w2(5) kr an
* JA U-xv‘)z(l‘*coszﬁ) +'§ 2 (1- -%,) cos® sin® cose
k‘l’a
k?.
4 Ta 02 @3 v n 2 .
+ 3 Qz sin“8) & (Q,l,—krn krb) B(XL-xn-xb) 8¢ ~xnxbs)

The angles 8 and ¢ are defined in the uu rest frame. In this frame, the
polar (3) axis is chasen aloag the direction of the incident pian;

cos@ = p . f\r . ihe (%, 2) reaction plane is the plane duefined by FX
and ];“ , with Fx chosen to have a posltive component of momentun alonyg

).(. The azimuthal angle ¢ is measured with respect to %¥. 1ln the approxi-
mition In which T am working, F‘ = Py In practice, some smeariag of
the angular distribution predicted In Eq. (11) is to be cxpected from
the non-zero nucleon constituent transverse o swntum —):Tb which I have

neglected.
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In Eq. (11), GqIN {3 the quark structure function of the nucleon,
To obtain Eq. (11), an expansion in inverse powers of Q2 was performed,
and discarded from the square brackets were subasymptotlc terms which
m:e of order Q_Zk,%a(l—xa) and Q_Akl;a(l-xﬂ)—l. The contributions from
sea quarks and anthun‘l".ks in the meson and nucleon are also ignored {a
Eq. (11). Equation (11) is accurate in two Qz -+ m }imits: .(a) the
fixed x Bjorken limit, and (b) the fixed W2 a (l—xa)Qzlxn limit, with
W > k‘f‘n' The neglected terms in Eq. (11) must be retained at modest

Qz for x, very close to 1 (> 0.95). If scalar insteud of vector gluons

were used in the amplitude, the only changes in Eq. (1l) would be the
rveplacement of the factor (4/9) by the factor 4, and (2/3) by Z. As
Eq. (il) stands, it would appear that the cross section diverges as
;Ta + 0, However, a finite answer should be obtained once finite masses
are restored and the full confining prepertiecs implied by w('(;) are
implemented explicitly.

In the Bjorken scaling limit, Qz + » at fixed L the valence

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

f2n > 2
Gayp ) = fd g G pplioky) = e a2

The corresponding Lr fall-off produces pairs with a Q;.I' distriburion
2 2
{for kTa << Q%).
We observe the following additional features of Eq. (11);
{i) We can identify a non-scaling contribution to the structure
function. After averaging over cos§ and over ¢, we obtain:
2
<k1‘ >
. 2 2 a
Sirm (1-x)" + 3 Qz . a3
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The non~scallng contribatlon f£ independent of x and will dominate the

scaling coatribution at fixed Qg(l—x) as Qz + w_  In our model the
relative magnitude of the scaling aud non-scaling terms {5 {ixed.

(i1) The nen-scallng l/Q2 contributlon correspands to a _13131_9@1:\_31
structure function and provides a sln29 tern in the angular distributien
do/dcos8, in contrast to the conventional expectation of (l+cosZB). At

fixed Q2, the sln28 term dominates in the cross sectlon as x; » 1. The

F
usual rule that annihilacing spin-'s quarks produce transversely polarized
photons 1s modified when off-shell constituents are involved. In our
case, the 7 1slk£nematica11y far off-shell since, as x * L, all of the
momentum of |:he" recoll spectator quark must be transferred tc the
annihiiacion su!’process. In this situation the spin af 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 Lhnn-‘:he minimum number of elemcntary fields is required.
Although the laége Xp limit is stressed herc, the ainze term should be
impertant also at fixed Xp when 7 = Q2/s + 1, In this latter limic,

X 1 also.

(111) A significant aon-scaling, non-isotropic azimuthal angle
dependence do/d¢ 1s predicted in Eq. (11). At fixed Qz, the coefficient
of the cosd term In the squave brackets of Eq. (11) grows as (l—xu)_1
telative to the dominant scaling term. In general, one may also expect
contributions to do/d¢ proportional to cos 2¢ slnze. However, in this
model, the cos 2¢ terms enter multiplied by facrors such as Q_zkil(l-xa)

and are therefore discarded in the approximation to which I am working.
[}
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Tdentification of the non-sealing picce in the data can be made in
several different ways: the x dependence of the cross section at fixed
Qz,s; the angular (9) dependence at fixed q,Qz.s; and s dependence at
fixed Qzls.

Subsequent to these predictions, the change of the angular distri-
bution ddg/dcas® wilth x, predicted in Fq. (11), was observed by the
Chlcago-111linois-Princeton collaboration.l‘ Their results are shown in
Fig. 3. A polarization parameter a may L= defined by expressing
do/dcosg = 1+acosze. In our model, a = (l-r)/{1+r), with

4 (k’i‘a>

r = & (14)
9 QZ(I_Xa)Z

The expected value of (k.'l:_a) is somewhat uncertain. In the data, <lgl_za>
cannot be identified precisely with the mean of the square of the trans-
verse momentum of the annihilating antiquark. The parameter (k.%a> in
our formulas effectively includes the mass terms which were dropped when
we set m)z( and m;Z' = 0. Accordingly, only a rough estimate of <k;ﬂ) can
be presented. The <p,12_> of a lepton pair is observed to be roughly 2
GtzV2 in TN > uiX at 225 CeV/c and in pN + upX ac 400 GeV/ec. Therefore,
is not unreasonable to expect that (kf,a> = 1 CQVZA Curves of & versus
®y obtained with this value of (k%a> are shown in Fig. 4, along with
values of o extracted from the duta.[‘ The agreement is good.

Owing to the limited range of Q2 in the data, it has not been possible
yet to verify the Q2 dependence predicted in Fqs. (13) and (14). However,
the data may be flt:edb to the form specified in Eq. (13), and a good fit

is obhtained with <k$1) = 1.1+0.2 GCVZ, in agreement with cxpectacions.
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These results should encourage a much more detailed experimental
investigation of the large Xp region in 7K =~ whX, with broad angular
coverage so that the diatributlon do/dcos® d¢ can be obtasned precisely.

Because of the large non~scaling effect predicted in Eq. (13), onc
shouid not expect that data on sN + uﬂx taken at different energles
should all lie on a perfect scaling curve when plotted in the traditlonal
form of Hbdzu/dHdeF. Correspondingly, the ron-scaling effect in Eq.
(13) should be taken into account beforc an attempt is made to interpret
any observed non-scaling behavior purely in terms of log Q2 QCT effects.

1t is lmportant to ask whether large sinze contributions to do/dcos®
can be generated by processes different from the hadron structure cffect
discussed here. At least two effects can be considered and discarded.
Purely kinematic constituent transverse momentum fluctuauons9 perturb
the qq longitudinal axis and thereby producc an effective slnze component.
However, at small ET this effect was shuwn9 to reduce @ only to about
a = 0.8 in do/dcos® = (} +acuszb) and, more importantly, to be independent
of Xp. Second, free gluonic radiacion from the initial E or q in
aq + y*g, as well as the initial gluon process ﬁg id Y*q, wiltl lead to
a non-vanishing longitudinaliy polarized cross section, growing in
lmportance with the transverse momentum aT of the lepton pair.lo This
effect, however, does not grow with Xp at tixed QT' Just as for the
guantity R = ULIOT measured in deep-inelastic processes, the free gluon
radiation effects in QCD are most important at small Xp+

The agreement of the data with the structure function presented In

Eg. (13) resolves a paradox. Enrliar,l1 it had been reported that

coxp

1
YV (1-x), However, cxperimental observation of an uffective (1-x)
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behavior of the quark structure function of the pion is incompatidble
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 (1-x) would be expected for spinless quarks. On the
other hand, the spin-) nature of the constituents seemed well established
by the abservation in the same experiment of a decay angular discributicn
(averaged over all xF) of l+uc0529 withk o =« 1. Our analysis provides a
resolution of this apparent paradox. We suggest that the observed (1-x)1
behavior is an approximation to owr Eq. (13}, in which enly even powers
of (1-x) apoear, The critical test of this assertion is the identifica-
tion of the predicted sinzﬂ behavior of the decay angular distribution
at large Xpe

In baryon {or antibaryon) induced reactions, BB + uuX, the l+cosze
behavior characteristic of spin-% systems is maintained as x + I, 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 subprocess (qq) +q + q+y* with a bosonic diquark

system. 13,16

These effects may be related to the anomalous value of
°L/°’1‘ obgerved in deep inelastic electron scattering at mederate values
of QZ.

We emphasize that the dominante of the longitudinally poiarized
cross section (= sinze) as xp > 1 in 7N » y*x is a direct indication
that in this limit the anriliilating antiquark carries the signature of

its origins in a spin zero meson. The .';1:|26/Q2 term is a higher-twist

- *
effect in QCD, in that more than the minimum twist qq + ¥ configuration
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1s required to produce it. Observation of the sinz'J/Q2 tern in the

data is the first direct identification of a higher-twist effect in an
{nclusive reaction. The iwmportance of this higher~twist effect in

w 8 + upX, for values of Q2 as large as ~20 Cevz, 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

1 consider next the process gN + 2'sX, as sketched in Fig. 5(a),
. .
Here it is convenient to let the momentum of the exchanged y (or W in

the case of vN) define the positive longitudinal (Z) direction:
Q = py - Py (15)

The final pion has transverse momentim 31 relative to the direction of Q,
and it carries the fraction z of the energy of the initial exchmged‘
quantum. In terms of Four-vectors, z = P pN/Q- Pye In the lab frame
z= E“/v. The initial quark from the initial nucleon in Fig. 5(a) is
assumed to be on-shell and to carry longitudinal momentum Eraction x of
the nucleon's momentum, and no transverse momentum. The intermediate
quark Py in the subprocess Q+ xpy > 1+ g 1s then off-shell and timelike,

with
P2
2 T
Pa T Z(i-20 * 16)
Note that as z + 1, p: -+ w, Accordingly, important off-shell effects
and deviations from the usual quark-parton model expectationa, 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



-17-

the derivation of Eq. (16). Note that here x = (pﬁ-QZ)IZQ * Py and
Q¢ < 0.
For large z ( > 0.5) we may use the arguments developed in Section

II to represent the process q + nX by the diagram indicated in Fig, AL

The gauge-invariant set of diagrams for the process 2N + £'nX is presented
in Fig., h. To describe che lepton kinematics, it *s conventional to use
the variable y = Q 'FN/PE 2 The initial and final lepton momenta are
chosen to lia in the ()‘c,é) plane, both having positive x components of
momentum. The angle ¢ is the azimuthal angle of Pp relarive to this x
direction.

Evaluating the Feynman diagrams in Fig. 6 explicitly, for uN - p'aX

or for eN + e'nX, I obtain the cross section (for p_i << |Q2|, and large z):

2 ‘f“/u(’" ax ——
dz dy d¢ dpy 9 yp,Q

by
i
2l1+a-927, 2 ;s ’r
;(1—2) [“—‘TL] +3 (1-2) [t + (1-9)) (1—y)7cus¢(—2
-Q
o2
+% (1-y) _TZ) % (17a)

Here Qz < 0. Terms have been dropped which are down in magnitude by
powera of (l-z) or of p,%./()2 relative to thase in the curly brackets in
Bq. (17a). Thus Eq. (17a) is accurate in two ‘Qzl + o limits: (a) the
fixed z, Q° > = "Bjorken 1imit", and (b) the fixed (I1-z) |Q°| limit, with
(1-2) ]QZI >> p,%. The omitted terms must he restored at very small Q2
or for z very mear 1. The cross section also contains terms proportional

to cos 2¢; however, the coefficients of these terms arc of order
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(1-z) p%/Qz. They are therefore negligible in relation to the terms

I retain, which are proportional to (1—::)2, {1-2) (p%/—Qz);’, or p%/Qz

For uN u_n+X. the expression in curly brackets in Eq. (17a) is

replaced by
f 2 2 % "P% ¥ 4 P%
(1-z) +§ {1~2) (1) * cosd — + = (1-y) {~—5 . (17b)
{ ; ? -«

Fer WN -+ u+n-x, the term in the curly brackets in Eq.- (17a) becomes

s (“pz % o2
l(1-,.)2(1-z)2 +2 -2 -9 ? cose \~—'§) +4 (1-',*)(( 12); .
-q -

(17¢)

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

(1) In the fixed z, Q2 -+ @ 1imit, the cross sectiouns in Eqs. (17)
attain the rcale invariant form expected in the usual parton model, with
da/dy « [1+ (1-y)2] for uN + u'rX, dg/dy = (l-y)2 for VN -+ u+nx, and
do/dy independent of y for wN + y nX. However, important deviations
are predicted at finite QZ, as described below.

(ii) According to Egs. (17), for &N + 2'xX, the distribution
du/dp% is expected to decrease as p;.l. (for p,f. << Qz), except at large z,
where a less rapid p;z behavior sets in. Thus, the mean (p§> should
grow at large z, a "seagull" cype of effect. This "jet broadening"
phenomenon is distinet from that associated with gluonic radlationm
diagrams.ﬁ The two effccts may be distingulshed in the data by their

different dependences on z and Qz.
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(111) I the limit Q2 + =, the y and 2z dependances in Egs. (17)
are separable. In this limit, ap asymptotic quark to pion fragmentation

2
function may be extracted from Eqs. (17). For z > 0.5 and Q" =+ =,
2
Dy (2.0 ~ (-2% a8

Moreover, after averaging Eq. (17b) over y, ¢, and P.T., one may identify

a significant non-scaling term in D’/q(z,Qz)i

2>
2 2 2 T
Dw/q(z.Q ) = Q-7 45 —5 . (19)

The extra non-scaling term in Eq. (19) is independent of z, and is
especlally relevant at large @ where the scaling term vanishes rapidly.
The form of Eq. (19) 1s similar to the popular pheaomenological form
proposed by Feynman and l"j.eld,]'5 except for the important difference
here that the constant term (independent of z) falls as 1/QZ. A com-

parison of Eqs. (12) and (18) shows that (for x > 0.5)
2 2
TRCIS A PR I o

as expected from general atguments.lz Upon multiplying Eq. (19) by
z“_]' 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 > 0.5.

(iv) For modest values of Q2 or for large z, a significant non~
fagtorizing, non-scaling term is present in Egqs. (17). Averaging over

¢, I obtain:
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For ep + e'nX or pp » p'nX,

23 p2
0(z,5,0) = (l-z)z[-U—‘;:ﬂ—p%(x—y)(—T—z) .o
\-q
For vp + u—w+x,
pZ
a(2,9,09) = (1-z)2+§(1—y)(4-) . )
: o
For op » u'aX,
PZ
o(z,3,0 = (1-z)z(l-y)2+%(l—y)(~%) . {200)

These expregaicas imply that at large z, the distributions in y should
be very different frow "normal.” Likewise, selections on y can lead to
considerably different expectations for the distribution in z. The
term proportional to% (1-y) (p,f_/-Qz) is the analog of the 7’;- sinze (k.i/Qz)'
term found in 7N + pIX, and correspouds 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 imn
LEL IR &

(v) Note that in the limit z + 1 at fixed QZ, or in the limit
Qz + o wigh Qz(l—z) fixed, the terms which dominate in Eqs, (17) are the
untsual, higher-twist terms « (l-y). Thus in either of these limits,
thi: cross section ds/dy is predicted to have an unusual dependence,
vaiying as (l-y) for all three processes: uN + u'nX, VN =+ u'n"'x, and
R

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

Ignoring for the moment the terms proportional to pgloz. I find
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4p2 i Y
<cos¢)eN = (—-——;) ) 229y )2 B (21a)
-Q 1+ 1-y)7)
"Pz * s
a {—L) U=9) .
(cos¢>vN (_QZ) ) H (21b)
apz I
T 1
{eosdd>-,, = (—) o . (21¢)
o <* aa-n0-nt

In all cases, the asymmetry is positive. The y and (p%/-QZ];i dependences
in Eqs. (21) may be expected on general kinematic grounds. The new
feature in these equations 1is the dependence on (1-z). All show an
increase of {cas¢> a 1/(1-z) as z increases. For z very near 1, the
neglected p,?/-qz term in Egs. (17} should be retained; tne growth of
<cos¢> will then level off, and {cos¢> = 0 at z=1.

The z dependences of Eqs. (21) may be contrasted with the behavior
(l-z)li expected from QCD gluoafc tadtar.lonlﬁ and with the 2z independent
behavior provided by pure k(nematics.” The (1-2)‘1 asymmetry calculated
’here 1s a manifestation of the higher-twist QCD contribution resulting
from including explicitly effects assoclated with the plon bound state.
The complete behavior of dg/d4 may be predicted only after {uclusion of
th:s QCD gluonic radiation effects and the kinematic effects associated
with transverse molqanum fluctuations of the initial quark. Since the
gluonic radla:ionle'. anc .the kinematic utfcczs” appear o provide nega-
tivc ‘valllx‘es of <cos¢), the cffects predicted in Eqs. (21) will be some-
y;hﬁtbuashedvauc. The essential new [eatdre of Eqs. (21) is the growth

proportjonal to 1/(1-z).

> P
= ol
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The asymmetry <co524> .ay also be computed. However, in the

approach desactibed here, I find

{cos 24> = —
' -Q(1-2)

which is negligible in the 1imit in which I am working.

(vil) In the cﬁputations described here, only those hadron
structure effects asso:iated with the final plon are considered in
eN > ¢'vX. In'a more conpieu inve‘sl ‘igattion, off-sth. ~ffarts associated
with the inicial quark from the incident nucleon shi;;:ld also be treated.
These will be especially relevant zor x > 0.5 and should lead to the
prediction-of correlations in the x and z dependences of the crus;
section. A rthorough treatneut of the low QZ domain in &N + L'#X should
also include the possibility of the y* or Wacattering from the diquark

subcomponents of the nuc).»eon.‘z"A

Although evidem:e15 is present already in the da;a for a non~
vanishing .component of D“/q(z,Qz) as z + 1, detailed verificatio;l of
Eq. (19) and a determination of the maguitude of-:he non-scaling term
may be difficult because observed piors are also prodvced "indirectly"
from resonance decay: ¢ - RX, R + nX'. The fragmentation function in
Eq. (13) and other properties of Eqs. (17) apply only to the direct
4 -+ nX component. (This type of complication is not present in
TN+ ui}(, where the n + EX structure function is determined.) Neutrino
reactions, wN + u'('x, would seem to offer the best opportunity to
examine D“+/q(z.Qz) clearly, and to test the other spin-related pre-
dictivns (correlations, asymmetries) listed ahove, with a minimum of

N s ] + -
background from indirect sources, such as g vp + @ n . In an attempt
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to remove backgrounds, it might be nseful to ccmpare the prédictions
v .

with data on the difference of the n* and + yields.

v. e+e— Annihilation

The process e+e- + #X may be handled by the same metheds discussed
above. The relevant gauge-invariant set of Feynman diagrams {s shown
in Fig. 7. After evalugting the amplitudes explicity, for 02 >a k,f. and

for large z, 1 derive thé cross section‘_

: 2
: K

7 do o T % - smza] [§25)
dky 0z dcos8 kyp Q

Here z = Zy' . quz, Qz > 0, and k‘l‘ is the transverse momentum of the =
with respect to the direction of the decaying quark P, in Fig. 7(a):
cosf = f; . ;’n in  the overall ote” center of masa frame. The first
term in Eq. (22) displays the expected jet axis distributfon (l-vms“«\\
‘characceristlc of a transversely polarfzed (n(umt‘d(nl\‘f\‘—*4 ta the
limte Q2 + =, one may again fdenctly a quark te plon Jdecav dlatrihutfon
D‘/q(z.f)z) a (luz)z. for 2 » 0.5, However, for fixed 0% sz e 1 oer

for fixed Qz(l-z) as Qz + w, the second, non=sealing term o B,

dominates the cross Hl‘ct((\ll.‘ The sccomi term {s proportdonal o
ano, characteristic of a longltodinally polariced tugerrodbite w'

At large voough =, the exclugive process v‘x-" o wm Wil provide
important contribution tu do/dcosi.  The croas nectlon for thio ex busiw
process fs necessarfly of the form dofdcars « uln‘v“. RRTTAN ST A IR 21

fore Is endowed with the correct exclusive Mimit.  however, b0 (20 s

4 -
derived from a purely foclumive amplitude for o v s o8 with ne tmro

tion in the calculation that X » » an = » ],



3
Rewrlting Eq. (22) dn the form do'deos? » 14 ace="a3, 1 obtain

. n

A N
cowteh v os (a/NRN/IQT U)o The form of this result La Ldentfval to

that derived earlfer for the angular distribution of the final w in
« N + wuX. For comparison with dats, one must bear in aind again that
5
the parameter \k}" vifectively includes mass terme which were neglected
B ! hd
in the calculation (mq=J. m a, m‘-o), Theretere, \L}‘ My et he
. equated directly fo the measured values of the mean of the square of the

momentum tranaverse to 3 specified fet axis A aecond dtfficulty munt

be facedi  The Eqa. (22} and (I3 apy

FeTaRly o plons produced directlv
trom quark fraguentat fm ¢ ¢ 21X, whereas a substantial trgction of the
A

oobserved plons prodbadlv oarisacs through the sequenee § * RX, where R (s

A resonanee: K¢ R0 The rescnance terms do net fecessarily provide

hoth sfndoand i ea o T contribatlonn gn the same Tatto aud with the
sme 2 dependonse as shown dn bgl (00Y,

Boarfig o mhnd the donbts explenned abave, ofie My nete nevetthe

Tear thar f L 20y predtote that the ddatrtbuifon e Alk;‘. rhwutd tlarten
PO dh T, with \-‘i‘ VESW I Wil itite trend 1o ebavrved (o the
:-r.n.:“ [ ':r.\” feoun 1'.1 « hX swuppest that u,;\ L ALY ;:.x\"‘A
Ve, Do Be o sufvea ot 3 v, o oehew dn Pl 8 dhe
T T N L P S IR SO S I [NV NP IS

LI [SRPEEE S KA N TPNT S AT & RIS A vt onee woaling highet

fa st e toredate ! o thy e 1D e tehavior ot the plob wave
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VI, Kigh pp Single Plon Producilon

The dlagram in Fig., 9 shows one of the nenbers of the pauge-invariant
wet of graphs far qq » nqq relevant for the description of hlh.,' = nX ot
latge transverse momeatum P Evaluating these dlagrama explicit]v, in

the same fashion as discussed above, one mav obrain the erogs section

Ko 1o 42, ¢ o y
R o [(l )"+ 2 (1- %) ] . (2u)
i Py vy

Here pT Is the rransverse momentum of the final n measured with respect
to the fncident hadren hlh2 direction, and Xp = ZpT//E. Obvious tn

Eq. (24) s the usuul asymptotic decreasc « T muleiplied by the same
quark to pion decay function « (I~ xT)z deduced {n c+e— ~ fX and in

N = £'nX. The sccond term in Eq. (24) is smaller by a factor p;z. but
it is enhanced relative to the first by the factor (l- xT)‘Z. The well
known “trigger bias" e‘."fectm implies that observed pilons are those with
maximum x.. Thus the second “non-scaling” term in Eq. (24) should have
cousiderzble practical imporrance in studies of hlh2 + 71X at large Prs
providing a substantial p;ﬁ component of the cross section. Full details

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

V1I. Diquark in the Nucleon

1 want to mention briefly a recent discussionla of the x and Qz
dependences of the ratio R = uL/oT iun deep inclastic electroproduction
ep + e'X. Contributions to 0y, may arise from at least three sources:
(1) constituent transverse momentum fluctuations, (1i) QCD free gluon

radiation dlagrams, and (iii) higher-twist hadronic structure terms
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analogona o these dleowied cartoer et et 0 x gn
dependences o0 theae e conte g bean g SEferent, with e hteher

twiat eftert Sedoe partt slards iendiboant o larpee v, where the st
. b
plucrt radtarfon terms are negidgible.

T ordet Uy compnte hadron wtractare U0 e g tated with the

aavieon, an exobloft =olel Cor the nocleon Lonnd otate aunt e des
simblar to that disinened in Sectlon 71 ¢ the plon, the dominane
vontritution fn the larye x Tinte Iy provided by the three quazy com

ponent sketched {n Fig, 190a% . An appraximate treatment of this three
quark svstem will he presented here.
Two of the three quarks fn Flg, 13{a) mav alwivs be palred Ina
: 13,00
diquark (qq) svstem with inteper spin. Tt {« then fnteresting ta
consider the coupling of a virtual photon either to the bachelor, un-

paired spin-f quark as In Fig. 10(h) or to tae diguark as in Fig. 10(c).

Treating the diquark for the mement as a v

sless elementary spin-zere

tem, one mav quickly devise a pause invarian? set of scattering

amplitudes cverresponding te Figs. 10(bh) and I0(c), with one pluon
exchange used to represent the far off-shell hohavior of elfther the
quark, or of the diguark, in the large x limit. This treatment paraliels
that described for other processes in earlier sections of this repnrt.
For the case sketched in Fig. 10(b), 1 obtain a cross s»tion which
is purely of transverse polarization character, even in the limit x + 1
where the spin-k constituent is far off-shell, From Fig. 10{(c), [ obtain

contributions to beth 9 and oyt

2
a = :\“(1—;() B (25a)
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Because the seatlering {0 Fhe. 1) vocnrs tree an integer spin svnres,

toticaldsy a0t e o

the Tongltudinal «rose section o i, foninant

However, the transverse term 7 takes over aaoxoo b Qo rlsed 07,

in

2
Eq. (23b), ’k.}" {o the mean squared transverse somenin; o4 i
gysterm in the aucleon Coalng makses qre neylecte ), Cha

tributions from Flps, IO aud T0Lc), ome may ot U vveg: st ion, ter

ep + e'X:
AN
0, A0« by 2T , (260
1 2 T2
Q
and
o, = Aem? Fed . (2ot

N
The dlquark form factor ¥{(") representu the fact that the diquark

i3 a compasite (qq) m,'eitum.” It fu parametedocd an

rg? 2, 04! ,
Y e (0T e Y . (A

slowd

o
with dz- 2 GV, In By (26), the functton A(x)

the constant '\d may be related to the probabtifts to fled o dbprar

3
the nuclean at some speedffed x and 00 Fron the o fer. eter fm

)

8
o Ref, A, It appears that for 7 = 2 ¢ wmd oxoe T, U el
are equal for arattering from the Sree guark amt froes the Jignars .,

fnvrvan:

1

The ratieo R = I‘l/"I obtafned fron Fae, (06) oboh
'
with x at {ixed Q7 aver most of the range ot %, hefore tatiing o fepe

at x= b, To fix the frec pavascters o the equat b, data on the 07
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o the convent fonal Q00 approach o lrd cod ferfme feven o
where the fnftiad and tfaal conatdtuenta e teeatod an Cree o' Wity
acaligy vielat fons (Lhe depemdence of creen et oon s an Ty U T e

from higher vrder proces b which plaen: e csltteds ot bt
report 1 in cont et with this conveationd 0D perenn, D vy

attempt 05 made here to eomphasbee dif feront phe e B e ot

treatment, both Ladvon structure ad gluente ratintion citect . Lew

Included,  Copfusfon or sonflicl may arise, acvertheles it fodor

pretation of phenowena observed experfoeato) v, Pata over o st
2
rianpge (o 07 cannot be used wHh cortataty to ding tapn!

oa boparidhed

2
fall with Q7 from the inverss power dependetice cxg

reted Cron Bisher-
twist vt‘fw:ts.n Likowise, ttomay be Inappropriate to {dentify varfo
non-factorizing effects, or correlations in the data, with next to
leading, higher arder QCD corrections without first cramiping the rele-
vance of hadronic-structure effects,

From a theoretical polnt of vicew, higher-twist terms must be present.
The data from w_|7 + unX, discussed in Sectfon 1IT, and perhaps the
behavior of R show that their contributions arce significant. In those
reactions where typical values of QZ tend to be small, the relevance of
higher-twist effects should be particelarly enhanced.  In an effort to
identify and isolate thesc hadranic—structure cffects, effective use may
be made of their characteristie x and z dependences, their spin/polari-

zatlon propertics, and the other correlations discussed in this yepert.
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119 GeV/e. Curves drawn throuph the data potnts are fits to the
2an
form [1+acos®0],

A4, Polarization parameter x as a function of x, for 2~

+ uuX at

225 GeV/e.  The curve is a prediction of the mode) discussed In

the text. Data .re from Ref. 4.
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represents the full behavior of this amplitude. At large
squared {our-momentum pg where pi « 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 wich crosses (*) are essentially
on-shell.

Gauge-invariant set of diagrams for 2N -~ 2'mX; k labels the four-

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

labeled 7, 2 and £', are quark lines.

Gauge-invariant set ol diagrams for efe™ + mx.

Predicted hehav;or of the polarization parameter a as a function of

z for e+e- -+ 7X at two values of the center of mass energy.

One of the gauge-invariant set of diagrams for hlhz + 71X, via the

subprocess qq + mqq. Herc @ and k label the four-momenta of gluon

exchanges, and 18 denotes the off-shell quark.

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

quark 1lines in the nucleon. In (a), gloons are exchanged between

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

in a diquark system. 1In {b), the photon i: coupled to the bachelor

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

Figure taken from Ref. 14 showling R(x,Qz) = 17[‘/0.r for ep + e'X as

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

from the diquark model proposed in Ref. l14. The data are from

Refl. 2].
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