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Single-spin production asymmetries from the hard scattering of pointlike constituents
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%hen one takes into account the transverse momenta of the constituents in a polarized proton,
there exists a kinematic, "trigger-bias, " eg'ect in the formulation of the QCD-based hard-scattering
model which can lead to single-spin production asymmetries. It seems convenient to represent the
coherent spin-orbit forces in a polarized proton by de5ning an asymmetry in the transverse-
momentum distribution of the fundamental constituents. It may then be possible to organize the
hard-scattering model so that the kinematic constraints of hard 2~2 scattering provide the leading
contribution at large transverse momentum to asymmetries of the type ANdo(hp~~jet+x),
A&der(hp ~

~ "~"x),where p t denotes a transversely polarized proton and "m" represents any spin-
less meson composed of light quarks. This approach provides testable relationships between
different asymmetries.

I. INTRODUCi iON

The demonstration of perturbative factorization for
quantum chromodynamics' (QCD) has validated the ap-
plication of the QCD-based hard-scattering model for
calculations involving the production of jets and hadrons
at large transverse momentum in high-energy hadron-
hadron collisions. The elements of the hard-scattering
model include calculable cross sections for the scattering
of fundamental constituents and the momentum-space
probability densities for these constituents to be found in
the hadrons. The latter are not calculable but can be
measured in one type of process and applied to others.

The complete content of the hard-scattering model has
not yet been thoroughly explored. One reason for this is
that, within the framework of the model, there exists the
possibility of several types of "higher-twist" effects. For
the usual high-pT jet observables, these higher-twist
effects lead to power-suppressed contributions to the
measured cross sections which can be neglected. There
do exist examples of specific cross sections and special ki-
nematic regions where higher-twist dynamics can
predominate. However, even in these cases where the
effects can be observed, there are questions concerning
the universality of the mechanisms invoked because the
proofs of perturbative factorization are known to break
down at the level of power-suppressed contributions.

In spite of the need for caution there are powerful ar-
guments for pursuing the consequences of the QCD-
based parton model beyond the level of leading twist.
Even if the mechanisms involved at this level do not
prove to be universal, the elucidation of the underlying
dynamics can provide important physical insight and the
"breakdown" of the approach can be informative. Spin
observables, in particular, have historically provided
powerful constraints on hadronic dynamics and may also
turn out to be instructive in pinning down the QCD par-
ton model. For example, the polarization of hyperons
produced in high-energy collisions (pp~A&X) has been

discussed in specialized models which combine hard
scattering at the constituent level with particular
coherent mechanisms. These explicit models are compa-
tible with the validity of the QCD hard-scattering ap-
proach and also provide a reasonable phenomenological
framework for the analysis of the experimental data. The
interpretation of the models involves interesting ques-
tions in the space-time structure of hard scattering.

This paper will discuss another type of single-spin ob-
servable which plays an important role in the design of
experiments with polarized proton beams or polarized
targets. The relevant observable is the asymmetry

Hade(PP &
~jet+x ), A~do(PP &

~nX)

mq
A~(q&q~qX)=a, ~ f(0), (1.2)

and then convolutes this asymmetry with a transverse
spin-transfer density from proton to quark. Most
theoretical work which has studied the problem has em-
phasized that the effect represented by (1.2) is not the
only type of "higher-twist" dynamics which can lead to
the asymmetries (1.1) (Ref. 11). However, other possible

(where m denotes a spin-0 meson), for the production of a
jet or spinless hadron at large transverse momentum nor-
mal to the plane formed by the polarized proton's
momentum and its spin. The observation of such asym-
metries is frequently quoted as a puzzle or challenge for
theory. 9 One frequently encounters the allegation that
the QCD-hard-scattering model "predicts" that this type
of single-spin observable should vanish. In fact, it is very
hard to convince oneself that the usual formulation of the
hard-scattering model makes any prediction at all for
these asymmetries. The argument which associates the
vanishing of the asymmetry with QCD can be motivated
by a specific calculation which associated the result with
an underlying transverse single-spin asymmetry at the
quark level, '
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b, G, / (t)(x,kr', P )=g[G, (h)/p(t)(x kr P }
h

2
Ga (h) /p( l ) (x&k»)

2=g[G, (h)/p( t )( kxr& p }
h

2
Ga(h)/~(t)(x kr')" )]

a=q, G, q, h =helicity =+—. (1.3}

It is important to realize that the incoherent scattering of
these asymmetrically distributed constituents can lead to

I

mechanisms have not heretofore been explicitly de-
scribed.

The important theoretical question which appears
when confronting transverse spins in QCD is one of or-
ganizing the calculation in such a way that the appropri-
ate dynamics are displayed. The proposal we wish to
consider here involves the complete neglect of the mecha-
nism of Ref. 10, at least for jets or hadrons involving only
light quarks or gluons. Instead we start from the formu-
lation of the hard-scattering model which includes the
transverse momentum of the constituents:

G, / (s;(u )~G, / (x, kr;tu ) .

This formulation of the QCD-hard-scattering model has
been discussed elsewhere. ' It has been used, for exam-
ple, to discuss the longitudinal structure function of the
proton. ' The relevance of the transverse momentum for
the asymmetry (1.1) can be seen from the venerable
Chou-Yang' model of the constituent structure of a
transversely polarized proton. If we assume a correlation
between the spin of the proton and the orbital motion of
its constituents, Chou and Yang showed the existence of
a nontrivial A~ in elastic scattering. The coherent dy-
namics which correlates the spin of the proton with the
orbital angular momentum of the quarks and gluons can
also produce a constituent-level asymmetry in transverse
momentum:

pr
(1.4}

indicative of a higher-twist effect.
We attempt no proof that this mechanism provides the

only "higher-twist" dynamics associated with single-spin
asymmetries in QCD. Instead the assumption that other
types of coherent effects might vanish here forms the sim-
plifying hypothesis of a prospective model. The model
predicts several types of regularities which can be looked
for in future experiments. If these regularities are ob-
served, then we have constrained other, more exotic,
types of spin-dependent effects. We will discuss these
predictions in Sec. III.

Although the asymmetries calculated in this way fall as
1/pr they need not be considered proportional to a quark
mass nor are they suppressed by powers of a, once the
spin-dependent effects are absorbed into the distribution
(1.3}. Simple estimates suggest, therefore, that the magni-
tude of the asymmetry can be compatible with effects ob-
served in existing experimental data.

II. THE HARD-SCATTERING MODEL
AND TRANSVERSE SPIN

The idea that there exists a regime where quantum
chromodynamic processes can be calculated perturbative-
ly has led to the formulation of a QCD-based parton
model for the production of hadrons at large transverse
momentum. For the process pp~mX, the familiar ex-
pression for the invariant cross section at large transverse
momentum is'

the observable asymmetries of (1.1) because of the
kinematical dependence of the underlying hard processes
on kr. In this approach the "trigger-bias" of the QCD
hard-scattering model translates the orbital motion of the
quarks and gluons into observable asymmetries at large
pz-. We give a simple illustration of the kinematics in the
Appendix which demonstrates how they produce an
asymptotic behavior

d cr 1E
3 (pp~mX)= —g dx, dxh G, / (x, ;p )Gh/ (xh', tu )D /, (x„'p, )

Gf p~ ah~cd X,2

CKs1+0X x (ah~cd)5(X+t+u)'Ct CT (2.1)

where constituent masses are neglected and we have made the kinematic approximation

S —X~XbS,
x~

x
xb

Q — Q
xc

(2.2)

For the single-spin transverse asymmetry

do(ppt ~mX) der(pp~ ~v.rX)—
A~-

der(pp& ~@X)+do(pp& ~. mX)
(2.3)

it has been suggested' ' that the expression (2.1) can be generalized to give
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Az 3
(pp~mX)= —g f dx, f dx& 2

b,, G, z~ (x, ;p )GI tp(xs, p )D~z, (x, ;IJ, )
d o 1

d p~ ah~cd
~f

do
X s db (a&b~cd)+

di
(2.4)

where

(2.5)

is the transverse-polarization density of the quark or
gluon in the spinning proton and

do(a &b ~cd) der—(a &b ~cd)
~ab =

do (a
&
b ~cd)+1cr(a

&
b ~cd) (2.6)

is the perturbatively calculated transverse spin asym-
metry at the parton level. There is a problem with this
suggestion which appears immediately when one tries to
implement it with a specific calculation. The asymmetry
(2.6) for a 2—+2 process with pointlike particles, arises as
a result of the interference between a nonflip and a
single-lip helicity amplitude. Since Born amplitudes in
perturbation theory are real, a calculation at the one-loop
level is necessary to generate an imaginary part and pro-
vide the interference.

Note that Eq. (2.4) contains a counterintuitive mixture
of coherent and incoherent dynamics where all interfer-
ence effects are associated with the hard scattering. In
addition, quark helicity flip is vanishing at all orders of
perturbation theory in the limit m =0. This suggests

I

I

that, for hadrons containing only light quarks, an ap-
proach based on (2.4} will never give substantial asym-
metries. It is, in fact, premature to conclude anything
about the calculation of single-spin asymmetries within
the framework of the hard-scattering model at this point
because we have simply made too many assumptions in
writing (2.4}. The inadequacies of this basic approach
have long been recognized. " After further theoretical
analysis, it has been suggested that a formulation similar
to (2.4) might be valid with the stipulation that perturba-
tive asyrnmetries be calculated using quark mass parame-
ters given by constituent- uark masses of the order of
typical hadronic masses. ' ' While this general strategy
for fixing up (2.4) may be possible, it still unnecessarily
associates the coherent part of the dynamics with the
hard scattering of the constituents and leads to a confus-
ing space-time structure. We would like to attempt here
an alternate way of organizing the calculation which is
more consistent with the original formulation of the
hard-scattering model and can be valid when m ~0.
This alternate organization displays dynamics which
must be present and may, in fact, be dominant. The al-
ternate starting point is a generalization of (2.1) which in-
cludes the transverse momentum of the constituents:

d 0'E, (pp) ~mX)= —g fd'krdx fd'kzdxi, fd'kr', G, („)~ (x, &kr;p')
d p~ ab ~ed a && a

h , hb

XGt, ~r,~~i~(x~, kit„,p )D„z,(x„kTi,p ).'2 2

X 3' (a(h, )b(h~)~cd )5(s+t+u ) 1+0 a,

(2.7)

In writing (2.7) we have explicitly included the sum over the helicities of a and b The constitu. ent transverse momenta
are assumed to be much smaller than the pT of the detected hadron but we shall see they cannot be completely neglect-
ed. The reason why (2.7) is more accurate than (2.1) for the description of spin effects is that the Mandelstam invariants
of the perturbative 2~2 subprocess can depend on the relative orientation of kT and the direction of P, . The form of
this dependence is demonstrated for a simple configuration in the Appendix. Therefore, even if we assume that the dis-
tributions in (2.7) do not depend on helicity, the spin information from the polarized proton which shows up in
G, ~z~z (x,kr;p ) can be transmitted to the cross section at large transverse momentum. It is convenient to

T

parametrize the spin information directly in terms of a transverse-momentum asymmetry. For example, if we assume
that the polarized proton has its momentum in the +z direction and transverse spin along the unit vector ST, we can
define the normal direction by a unit vector

Il =Z+ST

and write

~T kTNn+ kTssT

We can define the normal asymmetry

(2.8)

(2.9)
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Golp, (x kT'p )=g[G, (h)lp, (x, kTNn+kTssT, 'p ) G (h)lp, (x,kTNn+krssr, p )]

=g[G, (h)li, (x,kT'Nn+kTssT p ) G (h)lz (x, —krNn —kTssT p )] (2.10)

here we have used the fact that both n and sT change sign under a spin flip. From the parity and time-reversal invan-
ance of the strong interactions, G, lz ( x, kTN, kTs., p ) must be even under kTs~ —kTs but there can be a nontrivial

T

asymmetry in the n direction. Thus strong interaction dynamics allow

5 G, l (x, kTN, kTS', p )%0 . (2.11)

The existence of this asymmetry distribution can be seen as a reflection of the "soft" asymmetries observed in peri-
pheral processes such as pp& ~mX at low pT translated to the level of quarks and gluons. The physics inherent in the
possible existence of the distribution can also be seen more directly. Given spin-orbit forces, it is possible to formulate a
semiclassical model which leads to a nontrivial 5 6 /p In Ref. 14 Chou and Yang showed how rotating constituents

1

in a polarized proton can lead to a nontrivial asymmetry in elastic scattering. The interpretation of this picture in
quark-parton language can lead to (2.11). The distributions (2.10) are not completely arbitrary. The fact that the pro-
ton itself has no momentum in the n direction leads to the sum rule

fdxgh G«z (x, kTN~kTs, 'p )=0, (2.12)

where the sum is over flavors and the integral over the longitudinal-momentum fraction. However, since spin-orbit
forces can lead to a correlation between x and kT~, this sum rule does not imply that the integrand vanishes. Once we
parametrize the transverse spin information into (2.11},we see that there can exist a limit in which it contains all the
coherent dynamics and, therefore,

3 X
~N E

3 (ppt ~mX) = g fd~k.Tdxo f d ltTdxb f d kTC 2
~ G l (x kTN kTS'p )

d p ab ~cd

XGbl (xb, krb2;p')D l, (x,kT';p')
r

a,
X s (ah~cd)5(X+t+u) 1+0 (2.13)

This reformulation of the hard-scattering model is our basic result. In contrast with the "attempt" to generalize from
(2.1} to (2.4), this equation corresponds to a probabilistic formula in the original spirit of the parton model where the
unknown soft nonperturbative dynamics have been absorbed into the specification of the density 6 6,&

. The hard
I

subprocess merely serves to transmit the asymmetry to large transverse momentum by the dependence of the kinemati-
cal invariants in the scattering on kT&. This means the asymmetry effect is "higher twist" in the language discussed
earlier. To see this we assume that all intrinsic transverse momenta are limited in (2.13):

lkTI, lkTI, lkT I
& p «PT .

In doing the integrations in (2.13) we also assume that ( kTN }=ep where

e= e(xT )

(with xr =2PT/v's ) is a small parameter which characterizes the underlying asymmetry in b, G, l . If we define
1

2p, 2~~
T

(2.14)

(2.15)

(2.16)

and insert a pointlike cross section depending on the 2~2 invariants then scaling arguments applied to (2.13) lead to an
approximation

f(xr)f(PT ep) +p ] . f(XT )[(PT+ep) +p ]
f(xT )[(PT ep) +p ] +f(xr )[(PT+ep) +p ]

(2.17)

f(xr )=Ce

then expanding (2.7) for small eplpT gives

(2.18)

where f (xr )/pr is the spin-averaged distribution in the
scaling limit. Finally, if we parametrize

28m(xT )p 4e(XT )ppT+
&s PT+P, '

e(xr. )p
=(BXT+4) (2.19)
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p =m =0.5 GeV
P

(2.20)

and that B=10 in correspondence with spin-averaged
data. If we also neglect any kinematic variation of e and
set a=0.05 this gives the rough approximation

0.35(xr+0.4)
A~-—

pr/(1 GeV/c)
(2.21)

This expression provides a reasonable form to use for gui-
dance in the region p~ &&LM where the spin-averaged p~
distribution has approximate scaling form. In the ab-
sence of further information on b, G, z~ (x,kr~, kryo, p )

1

we can make some reasonable assumptions to estimate
the magnitude of the asymmetry. For example, we can
assume that p is a mass parameter representing the typi-
cal scale of a transverse-momentum distribution

FL(x;Q')=pe, fd'krak-rG„(x, kr, Q')2 4

Q 2

4(k")
=pe (2.22}

III. DISCUSSION

Although the model which leads to (2.22) is wrong, it has
many of the features of the interacting theory. It canmlso
be argued that the asymmetry inherent in (2.4) has been
absorbed into the definition of 6 G, z~ (x,kr~, kryo, p, ) by

1

assuming that the dominant contribution of the dynamics
at the quark level involves soft momenta. One must be
aware that the extra complication of introducing trans-
verse momenta as well as allowing arbitrary spin-related
dynamics has restricted the predictive power of (2.13).
We will attempt to deal briefly with the regularities in-
herent in (2.13) in the next section.

so that if (2.17) is valid an asymmetry of a few percent
can persist out to transverse momenta of order 10 GeV/c.

The fundamental assumption underlying (2.13) is that
all of the spin information can be absorbed into
b, G, &z (x,kr~, krs', p ) and that further non-spin-

t

dependent corrections are proportional to p /pr. Once
these assumptions are made, (2.13) can be seen to have
the same general factorization properties as the hard-
scattering model for an unpolarized scattering process.
Of course, we need to worry about the validity of these
assumptions, their stability under changes of the factori-
zation scale, and whether they can be formulated con-
sistently. Nonetheless, we have made some progress.
Superficially, (2.13) is a lot more transparent in its physi-
cal content than (2.4) where one is confronted directly
with quark mass parameters and an uncertain mixture of
coherent and incoherent effects. It remains to be seen
whether (2.13) is a reasonable translation of parton-model
concepts into processes involving transverse spin. It is
known, for example, that there are violations of the
Block-Nordziek theorem concerning cancellations be-
tween real and virtual graphs which appear in @CD at
the level of (m /Q2) (Ref. 6). This has led to the specula-
tion that it is inherently misleading to try to extend par-
ton model concepts to deal with "higher-twist" processes.
Beyond the leading-twist level there is not necessarily a
simple parton description of dynamics. The operator
basis can be chosen in several different ways' which, in
parton language, involve different types of parton correla-
tion functions. The trick is to have a physical picture
which can provide a guide to economically and con-
sistently incorporating the appropriate dynamics for the
process measured.

It may be necessary to have more experimental infor-
mation to aid in the organization of the calculation but
we feel that (2.13) is a better "starting point" than other
attempts to describe large-pz asymmetries. The ap-
proach here can be related to the model description of
the longitudinal structure function for deep-inelastic
scattering in terms of the kz--dependent parton distribu-
tions'

The form of (2.13) is very much like the formulation
of the hard-scattering model for the spin-averaged
cross section (2.1) except that the distribution
6 G, z~ (x„krs, kr~;p ) can be either positive or nega-

1

tive. The spin-dependent information involved in the cal-
culation is completely absorbed into this arbitrary distri-
bution, which is "measured" by the experimental asym-
metry. Without knowing b, G, &z (x, kr', p ), the predic-

1

tive power of (2.13) is therefore restricted to predicting
regularities between the asymmetries of different process-
es.

One type of regularity which appears involves the weak
dependence of the asymmetry in (2.13) on Gi, &i, (x,kr, p )

and D z, (x,kr;p ). All of the coherent dynamics
in (2.13) are concentrated into the asymmetry
b, G, z~ (x, kr's, kr'N, p ) and the parton distribution func-

1

tions of the other hadrons appear in both the spin-
averaged and spin-subtracted cross sections. These func-
tions thus merely serve to sample b G, z (x,kz', p ) and

1

G, & (x,k r,p ) in different kinematic regions to give
ANdo and do, respectively. If we make certain smooth-
ness assumptions their effects approximately caricel in the
ratios of asymmetries. This leads to the rough expecta-
tion

AN(h, pi ~nX)
=1 (central region),

N 2P i
(3.1)

of universality. If coherent processes involving the quark
masses can be neglected even for strange quarks this can
be extended to give

A~(hpi ~mX} =1 (central region) .
A~(hp i ~KX) (3.2)

There can, of course, be nontrivial flavor dependence if
the underlying asymmetry 5 Gq/p depends on the flavor

1

of the quark involved in the hard scattering. We would
have, for example, in a kinematic region dominated by
"valence" qq ~qq scattering, a ratio
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FIG. 2. The estimate (2.19) with a=0. 1 is applied to
pp~ ~m Xat pl, b=200GeV/c.

0.0

—0.2

—0.4

(~"G„„)A~(hp t ~n+X)

A„(hpt ~77 X) large xT (5 Gd& )
I

(3.3)

Even when such ratios are not unity the form of (2.13)
suggests that they should depend only weakly on angles.

For the full range of kinematics, we should have the
isospin invariant

2 A„(hp, ~ox) =1.
A„(hpt ~n.+X)+A~(hpt ~@X).(3.4)

It is interesting to confront the simplest version of
these ideas with existing data. An experiment from
CERN on pp t ~n. X at 24 GeV/c (Ref. 19) and an exper-

FIG. 1. (a) Data from Ref. 19 on pp~~~X at p~»=24
GeV/c, xFG(0,0. 1). (b) Data from Ref. 20 on ~ p~~n. X at
p„b=40 GeV/c, xF =0.0 The curve is from Eq. (2.19) with
@=0.1.

iment from Serpukhov on m p~n X at 40 GeV/c (Ref.
20) are shown in Figs. 1(a) and 1(b). Although these data
are not in a region where the QCD cross section (2.1) can
be considered to give a good fit to the spin-averaged dis-
tribution we have gone ahead and used (2.19) in its most
naive form to estimate the size of (e) needed to charac-
terize the experimental results. Curves are shown for
a=0. 1. Although we do not necessarily have a good fit
to the data, this simple exercise provides a starting point
for predicting asymmetries at higher transverse momen-
tum. For comparison, this same value of e is used in
(2.19) to estimate the asymmetry for ppt ~m.oX at small

x~ for ~s =20 GeV and pT=2 —6 GeV/c. The curve is
shown in Fig. 2. This experiment should be done in the
near future.

There is room for theoretical work to explore the con-
nection between (2.13) and the generalization of (2.4) ad-
vocated in Refs. 17 and 18.
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APPENDIX: 2~2 KINEMATICS
WITH A TRANSVERSE SHIFT

We will use a simplified approach to the kinematics of
the hard-scattering QCD model to demonstrate how the
information from the b, 6 (x,kT, IM ) is transmitted to the

observable asymmetry at large transverse momentum.
We will consider the process ah~cd with all "partons"
massless and on mass shell. The four-momenta will be
parametrized:
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P, =
1/2

e (x~ )p
x, PO 1+

x,PO
,p(x, }p,O, x,Pp (proton polarized),

Pb=[xbPp, 0,0—xbPp] (other parton}, P, = PT
,PT, O, PTcot8, (detected jet),

sin0,
' (A 1)

PT e(x—, )Iu
,e(x, )p PT—, O, [Pr e—(x, ))M]cot8d (recoil jet), Pp & PT »E(x, )p,

sinOd

(x, —xs )Pp =Prcot8, + [PT e(x, )—p]cot8d . (A2a)

where the spin of proton a is oriented along the +y axis
and there is a transverse shift of P, along the x axis.
Momentum and energy conservation give the constraints

with hy =y, —yd,

t —Pp[x—T 2xT(—T+xr(xT gT)e—],
—u =Pp[xr+xT(xT gz)e— .],

(A6}

(A7}

e.2lt2 PT T 6xa ))tt

(x, +xb)Pp+ — + . = . +
2 x,PO sin8, sin8d

(A2b)

so that s + t + u =0 in agreement with the mass-shell con-
straint for the 2~2 process. The c.m. system scattering
angle is

We will confine attention to the kinematic region where it
is safe to drop the second term on the left-hand side
(LHS) of (A2b). Defining

t u xTCT xT(xr kr)»nh~y
cos8*=

xr(xr —(T )(1+coshby )
(A8)

e(x, )p,
xT=PT~Pp

Po
(A3)

If we now identify the partons with quarks and use per-
turbative QCD with the lowest-order cross section

with g T «x T we introduce rapidity variables

e "=tan —,'8d and e ' =tan —,'8, . The constraints (A2a)

and (A2b) give

x, = —,'xTe '+
—,'(xT —

gT )e (A4a)

Pc l 3d
xd ———,xre '+ —,(xT —gr)e (A4b)

s —4x xbPp —2Ppx T(xT gT )( 1+ cosh' ) (A5)

Equations (A4a) and (A4b) can be solved recursively (for
example, by Newton's method) when the x, dependence
of e(x, ) and gT is included.

The kinematics of the 2~2 process ah~cd are de-
scribed in terms of the Mandelstam invariants

do
dt

2 +2

s' 9 t' (A9)

This gives, for yd =y, =0, the scattering asymmetry

2
do

( } der(
)

4 s e'p

dt dt 9 Pr
PT »8, (A 10)

showing the general structure of the model in (2.13). The
integrations over other transverse momenta in the hard-
scattering preserve the higher-twist form (A10). Equa-
tion (2.13} therefore leads to a nontrivial higher-twist
asymmetry at large transverse momentum from the in-
coherent scattering of pointlike constituents.
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