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ABSTRACT

Quantum Chromodynamics confronts a harsh series of tests in the at-
tempt to formulate a comprehensive approach to the calculation of trans-
verse spin observables. The basic obstacles to understanding transverse
spin can be illustrated by considering the transverse structure function

extracted from deep-inelastic scattering using a polarized lepton and a
polarized proton. The inadequacy of the transverse-spin basis for quarks
and gluons found there suggests a new approach to the problems of
single-spin observables in Iarge-transverse-momentum processes. This
approach, presented earlier for single spin production asymmetries, is
discussed here. It is shown that the mechanism can also lead to baryon
polarization effects at large Py of the form

"'PT

where C; is independent of quark mass parameter and is not suppressed
by powers of as.

TRANSVERSE SPIN

Quantum chromodynamics is a gauge theory of spin-1/2 quarks and spin-
1 gluons and, consequently, spin degrees of freedom play an important role in its
formulation and interpretation. For example, the fact that both the proton and the
quarks it contains are spin-1/2 implies a relationship between the two spin-averaged
structure functions measured in deep inelastic scattering,1'2

• ) . (1)
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The Callan-Gross2 relation, (1), and the corrections to it provide a necessary check
on the fundamentals of chromodynamics.

In principle, there also exists a relationship between the two spin-dependent
structure functions:

gr{x,Q2) = gi(x,Q2)-tg2(x,Q2),

measured in the deep inelastic scattering of polarized leptons on polarized protons.
However, this relationship depends sensitively on the dynamics involved in binding
the quarks into the proton, and we are still uncertain how to extract it. As a
consequence of Lorentz invariance and causality, one has the Burkhardt-Cottingham
sum rule3

f1 dxgT(x,Q2) = f dxgL(x,Q2)
J° J° (3)

This sum rule gives a first indication of the inadequacy of the transverse spin basis for
confined quarks. The longitudinal structure function has a convenient interpretation
in terms of spin-weighted quark distributions

\ <?2)(i + • • -) (4)

with
<z,-(ar,Q2) = qi+/+(x,Q2) - qi+,..[x, Q%

and the +, — refer to the longitudinal components of proton and quark spins. How-
ever, if we attempt to describe the transversely polarized nucleon in terms of quark
densities with projections ±1 on the nucleon's transverse polarization, we get

9T{X, Q2) = \ £ ej ( - £ - + • • •) ATft(s, Q% (5)

where p.i is a quark mass parameter. Thus, if the spin degrees of freedom "factorize"
so that gr{x, Q2) = gL{x, Q2) (or g2{x, Q2) = 0)4 Eq.(o) means that

^ , Q 2 ) , (6)

which blows up in the limit m —• 0. Actually, (5) is incomplete because it omits

the effects of transverse momentum. Wandzura and Wilczek5 showed, using the



operator product expansion, that the limit fii —» 0 is well-behaved and leads to a
relationship between gr and g^ in the form

gL(x,Q% (7)

which also satisfies the Burkhardt-Cottingham sum rule but has a completely dif-
ferent interpretation in parton language.

Ratcliffe6, and Efremov and Teryaev7 have discussed the basic dynamics of
the transverse struction function. In addition, Hughes8 and Bartelski9 have shown
how to calculate gr(x) in the cavity approximation to the MIT bag model. These
studies all provide important insight. However, perhaps the most instructive ap-
proach to describing the relationship between gi,{x) and gr(x) is found in the paper
of Jackson, Ross, and Roberts.10 Working within the framework of the covariant
parton model, they write <7L(Z) and gr(x) in terms of the quark helicity-weighted
distribution

Their result provides if parallel expressions for gi, and gr,

ST(x,G2) = }

(S)
The expressions in square brackets approximately correspond to angular factors.
The calculation leading to (8) omits both interactions and quark mass parameters
but contains the basic ingredients for including these effects.

In order to have a covariant formulation of quark dynamics, it is important
to approach the decomposition of the proton into a quark-diquark system at the
amplitude level. With a covariant description of the dynamics to describe a trans-
versely polarized proton, one initially constructs a model for a longitudinal proton
boosts to the rest frame, rotates by f then boosts back to the original frame. When
doing this, it is instructive to look at the "semiclassical" approximation where a
quark spinor obeys the Yang-Mills Dirac equation

±) = o. (9)

Starting in the frame where k+ is large, it is convenient to work in the A+ = 0
gauge. In this gauge, A_ gives the "color electric" components of the gluon field



and AT gives the "color magnetic" components. An approximate separation of the
color degrees of freedom then allows the color electric field to be absorbed into
an effective quark mass parameter. This exercise leads to a decomposition for the
transverse structure function

19L(X,Q2)
m,> ) '* y

(10)
which interpolates between the Feynman limit and the Wandzura-Wilczek result
in terms of a quark mass parameter. In view of the approximations made, this
mass parameter should probably be identified with a "constituent" quark mass.
Measurement of gj therefore separates electric and magnetic components of the
color fields responsible for the confinement of quarks and gives concrete information
about hadron dynamics. Experimental data on the transverse structure function
will provide important new insight. A comparison ot g£(x,Qr) and gx(x,Q2) using
(10) with jiq = \mv is given in Figure 1.

CO.
The absence of a stable representation for transversely polarized quarks com-

pels a fresh look at calculations involving the single spin asymmetry for the produc-
tion of particles at large transverse momentum, for longitudinal two-spin asymme-
tries, the necessary calculation can be incorporated into the hard scattering formal-
ism of QCD and gives an expression11

[aLLda] <g> D . (11)



The situation for transverse single-spin asymmetries is more complicated. If one
attempts to construct a "hard-scattering" approach to these observables with the
neglect of intrinsic transverse momentum, one encounters the implication of (6)
that enforces Aj-g; —* oo as ^, —+ 0. To compensate, the transverse single-spin
asymmetry at the quark level is found to vanish in this limit

aN(q T q - qX) = cc^J{8), (12)

but that leaves the overall calculation ill-defined. Kane, Pumplin, and Repko12 have
argued directly from (12) that the hard scattering model and QCD lead to strictly
vanishing asymmetries at large transverse momentum and this assertion has been
frequently alleged to be a prediction of QCD. It is unfortunate that this assertion
has been widely promulgated as it passes over interesting physics.

However, as mentioned above, the neglect of transverse momentum is dan-
gerous. There exists an added danger in single-spin observables in that this approx-
imation artificially enforces a counter-intuitive space-time picture where coherent
effects are forced into the point-like hard scattering dynamics. That is, the phase
e'kr'b associated with finite size of hadrons is ignored compared to phases generated
by higher-order terms in the perturbation expansion. In Ref.13, it was argued that
it should be possible to organize the hard-scattering model in a completely different
way when one includes transverse momentum effects. It is assumed that the co-
herent dynamics can be absorbed into a constituent-level asymmetry in transverse
momentum

, kT: n7) = J2 [G*ih)/rt(x' &T; ft2) - Ga{h)/pl(x, fcr;/t

-
. kT\ ft2) - G'a(A)/pT(z, -kT\

The kinematic dependence of the hard-scattering process on the underlying momenta
then gives a production asymmetry

(ab

(14)



The new approach leads to an asymmetry which is "higher twist" but does not
vanish in the limit that quark masses go to zero and is not of higher-order in the
perturbation expansion. The underlying mechanism can be considered a kinematic
slingshot effect in that the detected particle or jet is more likely to come from
a hard scattering involving a constituent which already had some intrinsic trans-
verse momentum in the right direction. The coherent dynamics associated with
the constituent-level asymmetry ANG(x, &r;/J2) involve the long-range forces which
bind quarks and gluons into a proton. The large-pj limit of (14),

PT '
(15)

involves the mean (kj) of constituents and a parameter, e, which characterizes the

coherent dynamics. Figure (2) shows an estimate based on (14) for AN in pp |—•
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The mechanism discussed above can also be applied to the polarization of
particles such as spin-| baryons produced in the collisions of unpolarized hadrons.
There exists a mature phenomenology for the polarization of baryons in the small
transverse momentum region.14 The models which support this phenomenology
are based on a variety of different coherent mechanisms. From these models, it is
uncertain whether the polarization effects observed in the region VT ~ 1-2 GeV/c
will persist out to large transverse momentum or will vanish abruptly when one
reaches the kinematic regime where hard scattering effects dominate.



From the arguments which lead to (14) it can be seen that, if polarization
effects are seen at small transverse momentum, it is very difficult to quench them
abruptly as the transverse momentum increases. They tend to persist as a "higher-
twist" contribution in the hard-scattering regime. In particular, if we can find a
polarization effect in the quark fragmentation process,

associated with the relative tiansverse momentum between the quark and the pro-
duced baryon, it will provide a higher-twist contribution to the high-pr production
of baryons that leads to an asymptotic polarization of the form

P(pp - Bi T X) £
PT

(16)

The important thing about (16) is that the polarization need not vanish in the
approximation that quark mass parameters go to zero and C; need not involve
powers of as. An illustrtion based on (16) is shown in Fig. 3.
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In a sense, the dynamics which are ultimately responsible for single spin
asymmetries and polarizations are not addressed by the formalism represented by
(14). They are merely parameterized by functions such as

^Gq/ptiZ'kTift2) or

which contain information concerning the coherent interference effects. The dy-
namical effects involve long-range spin-orbit forces associated with the binding of
quarks and gluons into color-singlet hadrons. The extraction of this dynamics is
beyond the scope of perturbation theory. In addition, static approaches such as
lattice spectroscopy are of no immediate guide. It is in this sense that transverse
spin observables represent a fundamental challenge to theory.
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