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We show that quark-antiquark annihilation processes in single-spin inclusive production experiments
can yield useful information on hadron spin structure in general, and provide crucial tests for the ex-
istence of orbiting valence quarks in particular. There are several experimental indications and theoreti-
cal arguments for the existence of such orbital motion inside polarized protons or antiprotons. Simple
relations between quark-spin distributions and left-right asymmetries in such production processes can

be given, and quantitative predictions can be made.
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It has been pointed out some time ago that the left-
right asymmetry observed in single-spin elastic proton-
proton scattering experiments [1] can be understood in
terms of a semiclassical model [2]. The model is based
on Chou and Yang’s geometrical picture [3] in which the
constituents of a polarized hadron are assumed to per-
form orbital motion about the polarization axis. Prompt-
ed by the recent striking results obtained in high-energy
single-spin inclusive meson production experiments [4], it
seems natural to ask whether the left-right asymmetry
observed in these experiments [4] can also be attributed
to the existence of orbiting constituents inside polarized
hadrons.

The purpose of this paper is to show that this question
should be answered in the affirmative: Such asymmetries
are expected to exist when annihilation of orbiting val-
ence quarks takes place. This means in particular that, in
single-spin hadron-hadron experiments using polarized
proton or antiproton beams, not only mesons but also lep-
ton pairs should show left-right asymmetry. The argu-
ments are the following.

(i) Valence quarks as relativistic Dirac particles in an
effective confining potential (caused by the presence of
other constituents of the hadron) always generate color
and flavor currents in a polarized hadron. Only the total,
but not the orbital angular momentum, can be used to
characterize the states of such quarks, because the latter
is not a good quantum number. This implies in particular
that orbital motion is always involved— also when such
particles are in their ground states [3,5]. The effective
orbital motion is counterclockwise to the polarization
axis.

(ii) Relativistic baryon wave functions consistent with
(i) can be obtained by replacing, in the static quark mod-
el [6], the Pauli spinors of the valence quark of a given
flavor f and spin projection m (=s,, say) by the ground
state wave functions wjmp(r|f) for e=¢o, j =13, m=j
=+ %, and P=+. (Here j is the total angular momen-
tum and P is the parity.) Using these wave functions, the
magnetic moment of the proton and those of the other
baryons can be readily calculated [5,7]. Expressed in
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terms of the magnetic moments ug (¢ =u,d,s) of the
valence quarks, baryons’ magnetic moments (up’s) ob-
tained in such a relativistic model have exactly the same
form as those in the static model, and this form is in-
dependent of the confining potential. Since ug4 for g =u,
d, and s are parameters in the static quark model [6], and
“the good agreement between experiment and model”
merely means it gives a good fit to the data [6], the ob-
tained result is as good (or as bad) as that in the static
model. The same proton wave function can also be used
to determine the polarization of the valence quarks in a
polarized proton: Among the two u valence quarks inside
a polarized proton, on the average, 3 is polarized in the
same, and 1 in the opposite direction of the proton. For
the d valence quark, the result is ¥ and %, respectively.
Hence, there is asymmetry in valence-quark polariza-
tion, and such asymmetry is flavor dependent. The sea-
quark pairs are not polarized. They (at least on the aver-
age) do not perform orbital motion about the polarization
axis of the hadron.

(iii) Since quark-antiquark annihilation [8-10] may
significantly contribute to hadronic production processes,
especially in the fragmentation regions, it is expected that
mesons and lepton pairs may be directly formed in these
regions—also when the projectile (or the target) hadron
is polarized. In the case of transverse polarization, the
linear momentum of an orbiting valence quark may have
a nonzero component perpendicular to the beam direction
(which we hereafter call the z axis) and perpendicular to
the polarization axis (which we call the x axis). Hence
the meson or the lepton pair directly formed by the an-
nihilation of such an orbiting valence quark is expected
to have a nonzero component along the y axis.

(iv) Consistent with the fact that hadrons are spatially
extended objects within the range of which the constitu-
ents (quarks and gluons) interact with one another
through color forces—and only color singlet can leave
color fields—a significant “surface effect” is assumed to
exist in such production processes. It implies in particu-
lar that, when one of the colliding hadrons is transversely
polarized (up or down), only color-singlet qq systems

1751



VOLUME 70, NUMBER 12

PHYSICAL REVIEW LETTERS

22 MARCH 1993

directly formed near the front surface can acquire extra
momenta due to the orbital motion of the valence
quarks. This is because only such valence quarks do not
have enough time to become randomly distributed before
they meet a suitable antiquark. As a consequence, they
either go left or go right, depending on the (transverse)
polarization of their parent valence quarks.

We note that the essence of (i.e., the fundamental hy-
potheses contained in) (i), (ii), and (iii) is the following:
The valence quarks in a hadron are confined; they are
spin + objects with (compared to the hadron) relatively
small masses. The baryon wave functions are completely
antisymmetric in color and thus (according to Pauli’s
principle) symmetric in flavor, spin, and space. Annihila-
tion of valence quarks can take place when they en-
counter suitable (sea or valence) antiquarks, and such an-
nihilation may significantly contribute to production pro-
cesses in the fragmentation regions. We also note that
these hypotheses are in excellent agreement with (well-
known) experimental facts [11], and that they have al-
ready been discussed and developed by many authors
[12]. In this paper, we combine these hypotheses with an
additional assumption stated in (iv), and formulate a sim-
ple calculable model to demonstrate that a picture based
on these hypotheses not only describes the observed asym-
metry in inclusive meson production, but also predicts a
significant asymmetry in lepton-pair production.

A number of direct consequences can be readily de-
duced from the proposed picture, and they can be tested
experimentally: (A) In the projectile-fragmentation re-
gion of inclusive meson production processes p(1)+p(0)
— 2% (z7,7% or n)+ X in which the valence quarks of
the upwards polarized projectile proton contribute, the
produced 7%, 7% and 1 go left, while =~ go right. (B) By
using transversely polarized antiproton instead of proton
beams, one should see that while z° and n behave in the
same way as that in the proton-beam case, n* and n~
behave differently. (Their roles interchange.) (C) In the
corresponding production processes using pseudoscalar
meson beams— irrespective of what kind of target is used
and whether the target is polarized— there should be no
left-right asymmetry in the projectile-fragmentation re-
gion. (D) The asymmetry of the produced mesons is ex-
pected to be more significant for large xr in the fragmen-
tation region of the transversely polarized projectile. (E)
Not only mesons but also lepton pairs in such experi-
ments are expected to exhibit left-right asymmetry.

Encouraged by the good agreement between the experi-
mental findings [4] and the qualitative features men-
tioned in A-D (the associations B and C have been pre-
dicted [5] before the corresponding data were known), an
attempt has been made to describe the data quantitative-
ly. The results are summarized here: We first consider
p(1)+p(0)— (gg)+X at a given c.m.-system energy
Vs, where (gg) stands for a color-singlet quark-antiquark
system which appears either as a meson or as a lepton
pair of invariant mass Q. We recall that the left-right
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asymmetry Ay=Ay(xp,Qls) at xr is defined as [4]

_ N{(xr,Qls,1) —=N(xp,0ls, 1)
Nxp,Qls, 1)+ N(xp,0ls, ) °

where N(xg,Qls,i), (i=1,|) is the normalized number
density of the gg system observed in a given kinematical
region D (an acceptance solid angle on the left-hand side
looking downstream). It is the integral of the single-
particle inclusive cross section, do/dxrdp. (xr,p.;Q|s,i)
in this reaction with upwards/downwards polarized pro-
ton beams integrated over p, in D divided by the total in-
elastic cross section oj,(s).

The denominator on the right-hand side of Eq. (1) is
nothing else but 2N (xz,Qls), 2 times the spin-averaged
number density of the gg system with invariant mass Q
observed at xg in the corresponding reaction with unpo-
larized beams. The numerator AN is proportional to
D(xrp,Q,+|s,tr) —D(xp,0, — |s,tr) (hereafter denoted
by AD) where D (xp,Q, * |s,tr) is the number density for
the gq systems formed by annihilations of the valence
quarks of the projectile and sea antiquarks of the target,
where the polarization of the former is parallel/anti-
parallel to that of the transversely polarized projectile
proton. That is,

(1

Ay

D(xp,Q, * |s,tr) =2, fdxpdxrqvi (xPls,tr)g, (xT|s)
9uqs

xK(xF,quixT,gs|xp,Q,5), (2)

where qvi (x]s,tr) is the distribution of the valence
quarks polarized in the same/opposite direction of the
transversely polarized proton, and g,(x|s) is the spin-
averaged sea-quark distribution. Note that the quark po-
larization indicated by % in g & refers to the projection
of the total angular momentum j, = %+ + instead of that
of the spin s, == § (which is the case in the quark-
parton model [13] where the interaction and the trans-
verse motion are completely neglected). But, in the large
x region, where the magnitude of the longitudinal
momentum is much larger than that of its counterparts in
the transverse directions, the influence on the longitudinal
momentum distributions caused by the above-mentioned
difference can be neglected. Hence, except for small x
values, the usual spin-dependent valence-quark distribu-
tions u, (x;Q02|tr),d.* (x;Q2|tr) obtained from deep in-
elastic scattering data (where Q2 simulates the s depen-
dence) are expected to be useful approximations for
g~ (x|s,tr). It follows from point (ii) that for the pro-
tons the integrals over x of u,* (x|s,tr) and d.* (x|s,tr)
between 0 and 1| should be 3, 3+, L and %, respective-
ly. This implies that the corresponding integrals of their
differences Au.(x|s,tr) and Ad,(x|s,tr) should be %+ and
— &, respectively. The function K in Eq. (2) is the prob-
ability density for such a valence quark and a suitable sea
antiquark to annihilate each other and form the observed
qq system. It is this function which guarantees the validi-
ty of all the relevant conservation laws. In practice, it
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contains as factors a product of Kronecker deltas and Dirac & functions, where every one is associated with a given
quantum number. In this connection we first consider the case in which gg appears as a lepton pair //— the well-known

Drell-Yan process [8]. In this case, we have

CXeiAq. (xF,02tr)g, (xT,0?)

A/I\I:(XF,le) =

where xPT=[+xp+ (xg+40%s5)'"?1/2. C is the pro-
portionality constant between AN and AD. Because of
the “surface effect” and the fluctuations of the transverse
momenta of the quarks, C—the only unknown constant
—is expected to have a value between 0 and 1.

In the case in which the gg system is a pion, it is useful
to note the empirical facts pointed out by Ochs [9] and
the theoretical calculations performed by Hwa and co-
workers [10] for reactions with unpolarized projectiles
and targets. Here, we take into account the similarities
and the differences between lepton-pair and meson pro-
duction processes on the one hand, and those between the
unpolarized and polarized protons on the other. This im-
plies in particular that energy and momentum conserva-
tion requires xP=xr and x7 = xo/xr where xo=m?/s
(m is the pion mass), and that the simplest choice of the
corresponding K function contains, besides the two &
functions which relate x” and x7 to xr and xo, only the
following Kronecker deltas: 84,05, 7,K204,.405 7> OF
i—x,,(c?q._,uéqxj+6qm45,7m3), respectively, where «x, is a
constant which can, e.g., be determined by comparing the
cross sections for reactions without polarization. Hence,

Au, (x?,02|tr)

a+ — —~ T 2 4
ART = Ciengs (7,07 AN (xp,e¥ls) 4a)
i = (T 2 Ad.(x®,02|tr) ab
AR =Cxrq;(xT,Q )“__ZN(xp,n_[s) , (4b)
B Au.(xP,02|tr) + Ad. (xP,02|tr)
470 = (xT.0? ,
F'=Crgs (x7,09) 2N xp, 2t |s) + N xp, 7 |s)]
(4c)

Here, A% 0 stands for AF (xp,nt70s), respectively;
Au,(xP,Q?|tr) and Ad,(x?,Q?|tr) are the differences of
the quark distribution functions of the transversely po-
larized u and d valence quarks, g,(x7,0?) stands for
d;(x",0?)=u,(xT,0?%) is the distribution of the sea
quarks. Note that a considerable part of N(xr,z ¥ |s) is
due to gluons and/or sea-quark pairs which are indepen-
dent of the polarization of the proton, and such contribu-
tions cancel out in the numerator on the right-hand side
of Eq. (1). It follows from Egs. (4a)-(4c),

Ade _ AR AR — AR
Au, ART AR — ART
which implies that Ad./Au,=Ad, (x,Q*|tr)/Au,(x,Q?|tr)
can be determined directly by asymmetry measurements
in single-spin inclusive z%, 7~, and z° production.
Furthermore, for not too small x values [cf. related dis-

(5)

il

(3)

3eiilg. (xF,0) +q,(xF,091g, xT,0) +(P>T)} ’

cussions below Eq. (2)] where the conventional quark-
parton model [13] is expected to be a useful approxima-
tion, the sum of the spin-dependent structure functions
g1(x) and g,(x) is

g1(x)+g2(x) =% Au, (x|tr) + & Ad. (x|tr) 6)

when only valence quarks contribute. Here, Au,.(x]|tr)
stands for Au,.(x,Q?|tr) for large Q2 at constant x, and
similarly for Ad.(x|tr). This means, by using Egs. (5)
and (6), Au.(x|tr) and Ad.(x|tr) can be determined if
g1(x)+g,(x) and the asymmetries AF(x|z*?) are
known and vice versa.

What can we do, before empirically determined Au,
and Ad, are available? Since, on the average, the proba-
bility of finding a u-valence quark with the same polar-
ization as the polarized proton is &, while that of finding
such a d-valence quark is ¥, the simplest possibility to
satisfy these conditions is the following ansatz: u,.i (x,
Q%tr) are (§,¢) of u.(x,0?), and d.* (x,0?|tr) are

T,3%) of d.(x,0?), respectively, where u,(x,0?) and
d.(x,Q0?) are the corresponding spin-averaged valence-
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FIG. 1. Left-right asymmetry as a function of xr. The spin-
averaged quark distributions are from Ref. [15]. The data for
pions are from Ref. [4]. For lepton pairs, the upper and lower

curves are for @ =9 and 4 GeV, respectively, which is the same
Q range as in Ref. [18].
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FIG. 2. The spin-dependent proton structure function g(x).
The data are from Ref. [16]. The spin-averaged quark distribu-
tions are from Ref. [15].

quark distribution functions. By inserting this ansatz into
Eq. (4) and by noting that N(x,z ¥ |s) and u.(x,02),
d.(x,0?) and g,;(x,0?) are empirically known [14,15],
AF for ¥, n 7, and 7° can be evaluated. The results are
shown in Fig. 1, where the only unknown constant C
is determined by comparing with one point in the data
[4]. Furthermore, it follows from Eq. (6) that this an-
satz gives g1(x)+g2(x) which is simply wu.(x,02)/27
—d.(x,0%)/54. The result is given in Fig. 2. It shows
that g(x) agrees with the data [16] for x > 0.3 when
g2(x) is neglected as usual [17]. In addition to the dis-
cussions below Egs. (2) and (6), the following should be
mentioned: In the small x region, the influence of the
confining forces and that of transverse motion are
significant. Hence, the spin-dependent structure func-
tions (for transverse as well as longitudinal polarization)
have to be evaluated by the interactions and the trans-
verse momenta into account. This implies in particular
that Eq. (6) is not valid in the small x region, because in
this region, there is a priori no reason to believe that the
obtained results should be the same as those in the
quark-parton model. Keeping in mind that the data
analysis performed by the European Muon Collaboration
(EMC) [16] is based on the quark-parton model, the
crisis [17] of the quark-parton model caused by the EMC
data [16] does not imply that “valence quarks cannot
contribute to proton’s spin” in the present model. ~
Encouraged by these results, we also calculated A¥ for
p(1)+p0)— I+ X and p(1)+p(0)— [T+ X (for dif-
ferent values of Q, see, e.g., Ref. [18]) by inserting the
now known constant C (=0.6) and the same ansatz into
Eq. (3). It is interesting to see (cf. Fig. 1) that the re-
sults are qualitatively different from those in pion produc-
tion and from each other. The qualitative feature of such
an experiment— the existence or the nonexistence of
left-right asymmetry—should be a crucial test of the
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present model.
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