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Spin effects and rotating color charges 1n proton-proton elastic scattering
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It is suggested that the nonzero analyzing power A observed in large-p, elastic pp( f ) scattering is
an indication for the existence of rotating color charges in polarized protons. Such color charges in-

duce color-magnetic fields and thus give rise to an additional, velocity-dependent, interaction. The
effects of this interaction are discussed phenomenologically at the hadronic level.

Since the publication of the European Muon Colla-
boration spin-asymmetry measurements' which triggered
the "spin crisis, " there has been much discussion on the
possible origin of the proton s spin. In particular, the old
question "Can the spin of a hadron be attributed to the
orbital motion of its constituents?" has received much at-
tention. ' Experiments have been proposed, the aim of
which is to answer this question directly. While waiting
for the results expected in the future, we looked, in the
presently available polarization data, for evidence for or
against the idea of rotating hadronic matter in polarized
protons. The present paper is a short report on this at-
tempt.

It is well known that the conceptually simplest polar-
ization phenomenon is the following observation
made in elastic proton-proton scattering. The spin-
analyzing power A was measured in a series of experi-
ments ' at incident momentum pl»=28 GeV/c, using
polarized targets and unpolarized beams. The pf (the
transverse momentum of the scattered proton) ranges
from 2.85 to 6.5 (GeV/c) . It is seen that A is very much
diff'erent from zero for pf )4 (GeV/c) . In fact, A in-
creases dramatically in this region, and reaches (24+8)%%uo

at p t =6.5 (GeV/c) . We recall that the analyzing power
A is defined as

N(l) —N(l)
IP, I

N(l)+N(l)
and it was obtained from the measurements of the nor-
malized event rates N(i) (i =1 or $) of the transversely
polarized target. Here, Pz- is the target polarization; and
the Basel convention was used in the definition of A (and
thus the minus sign occurs because the forward proton in
this experiment scatters to the right). ' Since perturba-
tive QCD yields A =0, these "very nonzero values"
have been considered as one of the most striking
results —if not the most striking result —obtained in po-
larization experiments.

In order to see the implication of these experimental
results and to study their (possible) relationship to rotat-
ing constituents, it seems useful to reca11 the following
(well-known) facts. First, hadrons are spatially extended
objects, and hadronic interactions are short ranged. A
collision process between two hadrons (P and T, say)

takes place only when they are so close to each other that
the constituents of P interact with those of T. For the
description of such collisions, it is convenient to use the
notion of an an impact parameter b defined with respect
to the centers of P and T. Hence b is a measure of the de-
gree of overlap of the two systems, and large
momentum-transfer processes are associated with rela-
tively small b values. Second, rotational motion of the
constituents inside polarized hadrons implies the ex-
istence of axial-symmetric currents of hadronic matter.
We are thus led to the following question: Can such
currents effect the relevant hadronic interaction and yield
observable effects in large-momentum-transfer collisions
at high and/or intermediate energies?

We argue that such effects are expected to exist if the
constituents of hadrons are identified as (spin- —,

'
)

quarks/antiquarks and (spin-1) gluons carrying color
charges. In doing so, we make use of the fact that the
gauge principle is va1id in nature, and that the similarities
and differences between the two relevant gauge groups,
U(1) and SU(3), play an important role.

Let us first consider the hadronic constituents as if
they were simply electric charges. That is, we first con-
sider a system T of electric charges symmetrically distri-
buted with respect to a given point To say. We choose a
right-handed Cartesian coordinate in the laboratory such
that the origin is fixed at To, and compare the following
two cases: Case 0 in which all the charges are at rest,
case 1 in which the charges are rotating counterclockwise
about the x axis. The angular velocities of the charges
are in general different, such that there is a distribution of
local angular velocity of these charges. Since moving
electric charges are nothing else but electric currents
which generate magnetic fields, the behavior of another
charge (or another system of charges having the same
e/m, charge/mass, ratio, represented by a single point) P
moving in the yz plane in case 0, and that in case 1 are
obviously different from each other. This is because in the
latter case magnetic fields are induced by the rotating
charges. To be more precise, the induced magnetic field
strength B is in the x direction, and it can approximately
be considered as uniform and constant in a given domain
in T. Hence, it is convenient to use Lamor's theorem'
and its straightforward generalization to describe the
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motion of P. In the above-mentioned laboratory frame, P
experiences an additional force, because it is moving
(with velocity P, say) in the magnetic field B induced by
the rotating charges in T. The force is proportional to
the vector product of B and P and thus it is also in the yz
plane. Furthermore, this force is equivalent to the ap-
parent force —Coriolis force —on P, viewed from a rotat-
ing reference frame, provided that the angular velocity Q
of the rotating frame and the induced magnetic field
strength B are parallel and proportional to each other (in
the limiting case we have the well-known result
Q=eB/2mc. We note that although B can be calculated
in a straightforward way [if the charge density p(r} and
the distribution of angular velocity of the charges ro(r)
are explicitly known] it is simpler to use Larmor's
theorem and describe the effects caused by the rotating
electric charges in terms of the corresponding quantity 0
where 0 is proportional to co, the averaged value of co(r)
for a given domain in T.

Next, we ask the following. "What happens if we
make the following replacement in this consideration:
electric charge~color charge, photon field gluo
field?"

We adopt the conventional picture" described by the
(improved) bag model and QCD (to the order to which
gluon self-coupling can be neglected). In this picture the
gluons act as if they were eight independent Abelian
fields and the problem here is analogous to one of conven-
tional electromagnetism in a cavity. That is, rotating
color charges inside a polarized hadron can be considered
as color currents which induce color-magnetic fields; and
in particular, in a given domain inside the hadron, such
color-magnetic field strength can approximately be con-
sidered as uniform and constant. This basic characteris-
tic property of QCD is taken into account as follows. Be-
cause of confinement, quark and gluon fields can never
cross the boundary in which the color charges are distri-
buted. This implies in particular that, inside the system
T, the sign of B(r) and that of co(r}, which are, respective-
ly, the induced color-magnetic field strength and the
average angular velocity of the rotating color charges at
distance r from the polarization axis, cannot always be
the same. On adopting the usual picture' in which the
force between two nucleons at very small impact parame-
ters is repulsive, and on applying again the Larmor
theorem' and its generalization we are led to the follow-
ing conclusions: The effective additional force f acting
on the system P in the laboratory frame, caused by the
rotating color charges of the polarized proton in a given
(rather large) range of impact parameters, has the form

f =AcoXP . (2)

Here, co is the average value of co(r) (the distribution of
the local angular velocity of the color charges in the tar-
get proton in a given range of impact parameters), P is
the velocity (in units of c) of the projectile proton, and A.

is a positive constant. The following remarks should be
made in connection with f . First, because of its "mag-
netic origin, " f depends on P. (The simplest way to see
this is to write the Lorentz-force equation in the covari-
ant form. See, e.g., Ref. 13.) Since P is approximately

unity at suSciently high incident energies, f" depends
very little on the incident momentum. Second, f can
be interpreted as a special kind of effective "spin-orbit in-
teraction"' caused by the "interquark spin-orbit interac-
tions. " (Compare the relevant interaction terms in the
Lagrangian for the quarks and the corresponding term in
the ejective Lagrangian at the hadronic level, and obtain
the e+ectiue force f from the latter. ) Furthermore, it is
interesting to note the similarity between this interaction
and the nuclear "Coriolis interaction. "'

We now compare our result with the experimental
findings. In order to show the essential points of the
proposed reaction mechanism, it is our intention to make
the comparison as "anschaulich" (clear, plain, evident,
perceptual) as possible. Fortunately enough, concepts
and methods of classical physics are applicable here. We
recall that, for a classical treatment of particle scattering
to hold, the orbit and the deflection should be well
defined in relation with the dimension of the interac-
tion. ' That is, for a scattering field extending over a di-
mension of the order g, the scattering of particles with in-

itial momentum p, momentum transfer Ap can be de-
scribed classically when the inequalities gp » 1, ghp » 1

are satisfied (c =A'=I). Hence, classical concepts and
methods should be useful for high-energy, large-
momentum-transfer hadron-hadron collision processes
such as those dealt in this paper. In particular, the
differential cross section der/dp~ is simply proportional
to b db, where b is the impact parameter. That is,

do

dpi'

(x Q
dp2 db

(3)

We neglected all the other (energy- and pi-dependent)
factors in Eq. (3), because they will be canceled when we
insert the corresponding expressions for do /dpi into Eq.
(1) to calculate A.

We compare the results obtained in the following three
cases. Case 0: The target-proton is unpolarized. Case 1:
The target-proton is polarized transverse to the scattering
plane in which the projectile is scattered to the right of
the beam axis. Case 1: The polarization of the target-
proton in case 1 is reversed.

In the laboratory system in which the origin is fixed to
the center of the target proton, the x axis perpendicular
to the scattering plane, and the incident proton is moving
in the z direction, the effective additional force f in
case 1 is, according to Eq. (2), in the negative y direction.
That is, compared to case 0, the projectile in case 1 "gets
an extra pull" when it passes the target proton on its
right-hand side, and it would "obtain an extra push"
when it passes the target proton on its left-hand side.
Furthermore, it is obvious that f changes sign and thus
right/left and pull/push will be reversed, when the target
proton is polarized in the opposite direction (see case 1
mentioned above).

We recall that at the hadronic level, large-angle elastic
scattering at high energies is due to strong repulsive in-
teractions. The strength of such a repulsive force in-
creases with decreasing impact parameter. The addition-
al force f causes a change in the effective force, and
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gb Rc
A=

b
(4)

Here, we explicitly see how A changes with the impact
parameter. Taken together with the relationship between

p~ and b (cf. Fig. 1) we also see how it changes with the
transverse momentum.

In summary, the proposed model agrees well with the
experimental findings. ' In this model, A is nonzero; in
fact, A is positive for sufficiently large values ofp~. Furth-
ermore it has the following features. First, since it is P
(the magnitude of which is approximately equal to 1 for
sufficiently high energies) that appears in f, the analyz
i ng power A is expected to depend very little on the i n-

cident energy. Second, Ab is approximately constant,
and the corresponding values for the impact parameter b

thus a change in the effective impulse on the scattered
projectile. Hence, for the projectile proton to obtain the
same momentum transfer from a polarized target (case 1'

or 1) as it would obtain from an unpolarized one (case 0),
the values of the impact parameter in these three cases are
in general different from one another. Taking the value in
case 0 as reference, there is a shift in impact parameter in
case I, and a shift in case $. For a given static hadronic
central force the shift in impact parameter due to the ad-
ditional force depends not only on the direction of the po-
larization, but also on the velocity and the position of the
projectile with respect to the target. This point is illus-
trated in Fig. 1.

We note that in the BNL Alternating Gradient Syn-
chrotron (AGS) experiments, ' in which the analyzing
power A has been measured, the forward proton spec-
trometer F is on the right-hand side of the target. We
also note, in our interpretation, that the forward proton
is identified as the scattered projectile, and that large-
angle scattering is due to the hadronic force between the
colliding protons. Hence, in this picture, every observed
event in the AGS experiments is an elastic scattering
event in which the projectile proton hits the right-hand
side of the target proton. This means that, in case 1, the
impact parameter b

&
has to be smaller than the corre-

sponding impact parameter b in case 0 if the effective
momentum transfer (and thus the transverse mometum of
the scattered proton) are the same. Similarly, in case $,
the impact parameter b~ has to be larger than b. There-
fore, the analyzing power A, as defined in Eq. (1) should
be positive for su+ciently large p~, and should increases
for increasing p~ (note that b decreases while the repulsive
nuclear force increases for increasing p~). In order to ob-
tain a quantitative estimate, let us, for the sake of simpli-
city, assume that the magnitude of the shift in case 1 and
that in case 1 are approximately the same. Denoting the
increment by Ab & 0, we immediately obtain, from Eqs.
(1) and (3),

A, Py

=by

b-ab

FIG. 1. The dependence of transverse-momentum transfer on

impact parameter. This qualitative relationship is obtained un-

der the condition that a central short-range repulsive force and

a central relatively long-range attractive force can be used to ac-
count for the hadronic force between the nucleons. Here, b~ is

the y component of the two-dimensional impact parameter

(b„,b~). hp~ is the momentum transfer in the y direction. The
superscript RC in Apy" indicates the part of hp~ due to the ad-

ditional effective iteraction caused by the rotating color current.

are small for large values of momentum transfer. Hence,
according to Eq. (4) A is expected to increase for increas
ing p~. [Because of the constraint A (8=90')=0, where
0 is the scattering angle in c.m. frame, this increase with

p~ at a given incident energy can of course not continue
indefinitely. It drops very fast near 0=90' where the
identical particle effect becomes significant. For details,
see Ref. 17.] Note that all these properties are indepen-
dent of the undetermined parameters, and hence they are
basic characteristics of the proposed model. It would be
interesting to see whether these properties —and thus the
proposed model —can stand future experimental tests.
As a next step, we are now performing a relativistic
quantum-mechanical calculation, ' at the hadronic leve1,
for this and for other measurable quantities ' in elastic
proton-proton scat tering processes.

We thank P. Kroll for calling our attention to the po-
larization experiments in pp elastic scattering. We thank
Cai Xu, Chan Hong-mo, L. Duda, D.H.E. Gross, R.
Heck, P. Kroll, Pan Ji-cai, C. C. Shih, Xie Qu-bing, Zhou
Zhi-ning, and Zhou Zhuo-mei for helpful discussions.
Part of this work was done while one of us (M. ) was visit-
ing Stony Brook. He thanks Professor C. N. Yang for
the hospitality, encouragement, and numerous enlighten-
ing discussions. This work was supported in part by
Deutsche Forschungsgemeinschaft (DFG: Me 470/5-2).

*Present address: Shandong University, Jinan, Shandong, Chi-
na.

European Muon Collaboration, J. Ashman et al. , Phys. Lett. B
206, 364 (1988).

2See, for example, the papers in High-Energy Spin Physics,
proceedings of the Eighth International Symposium, Min-
neapolis, Minnesota, 1988, edited by K. J. Heller (AIP Conf.
Proc. No. 187) (AIP, New York, 1989).



42 BRIEF REPORTS 2383

3T. T. Chou, in High Energy Collisions —1973 (Stony Brook),
proceedings of the Fifth International Conference, edited by
C. Quigg (AIP Conf. Proc. No. 15) (AIP, New York, 1973);C.
N. Yang, in Proceedings of the International Symposium on

High-Energy Physics, Tokyo, Japan, edited by Y. Hara et al.
(University of Tokyo, Japan, 1973), p. 629; T. T. Chou and C.
N. Yang, Nucl. Phys. B107, 1 (1976).

4See, for example, the papers on spin physics, in New Results in
Hadronic Interactions, proceedings of the 24th Rencontre de
Moriond, Les Arcs, France, 1989, edited by J. Tran Thanh
Van (Editions Frontieres, Gif-sur- Yvette, 1989).

sMeng Ta-chung, Pan Ji-cai, Xie Qu-bing, and Zhu Wei, Phys.
Rev. D 40, 769 (1989).

K. Rith, talk given at the 53rd Physikertagung, Bonn, 1989, in

Verhandl. DPG (VI) 24, E61 1989 (unpublished); M. Duren,
in New Results in Hadronic Interactions (Ref. 4), p. 283; Meng
Ta-chung, ibid. , p. 287.

7See, for example, A. D. Krisch, in High Energy Spin Physics,
proceedings of the Seventh International Symposium, Protvi-
no, USSR, 1986, edited by L. D. Soloviev (Institute of High
Energy Physics, Serpukhov, USSR, 1987), and the papers cit-
ed therein.

8D. C. Peaslee et al. , Phys. Rev. Lett. 51, 2359 (1983).
P. R. Cameron et al. , Phys. Rev. D 32, 3070 (1985).

' A. Larmor, Philos. Mag. 44, 508 (1987). See, for example, also
L. D. Landau and E. M. Lifschitz, Classical Theory of Fields,
3rd revised English ed. (Pergamon, Oxford, 1971), p. 105.

' 'See, for example, F. Close, Introduction to Quarks and Partons
(Academic, London/New York/San Francisco, 1979), p. 421.

' Consistent with the conventional picture for hadron structure

[see, for example, K. Gottfied and V. Weisskopf, Concepts of
Particle Physics (Oxford University Press, New York, 1986),
Vol. II, p. 401], it is envisaged that the lines of the magnetic
field strengh B is parallel to co at very short distances (r && ro)
and antiparallel elsewhere, and ~B~ ~0 as r~ro (r„ is of the
order of hadron radius).

' Classical Electrodynamics, 2nd ed. , edited by J. O. Jackson
(Wiley, New York, 1975).

' We recall that "spin-orbit"-type interactions have been used
already in the 1950s [see E. Fermi, Nuovo Cimento 11, 407
(1954); G. A. Snow, R. M. Sternheimer, and C. N. Yang,
Phys. Rev. 94, 4 (1954)] to describe polarization effects ob-
served in elastically scattered nucleons from nuclei ~ In these

papers, the "nuclear spin-orbit interaction potentials" were

taken to be similar to that assumed in the nuclear shell model.
The eA'ect of spin-orbit-type interactions on polarization in

hadron-hadron collisions has been discussed by L. Durand
and F. Halzen [Nucl. Phys. B104, 317 (1976); Phys. Rev. D
15, 352 (1977)]. No comments were made on the possible ori-

gin or energy dependence of these interactions.
' See, e.g. , A. Bohr and B. Mottelson, Nuclear Structure

(Addison-Wesley, Reading, MA, 1975), Vol. II, p. 145, and
the references given therein.

' See, for example, E. J. Williams, Rev. Mod. Phys. 17, 217
(1945); N. F. Mott and H. S. W. Massey, The Theory ofAtom

ic Collisions, 2nd ed. (Clarendon, Oxford, 1949), p. 125.
' Such an additional interaction reproduces polarization effects

in classical as well as in quantum-mechanical calculations.
See Cai Xu, Meng Ta-chung, Zhou Zhi-ning and Zhou
Zhuo-rnei FU report (in preparation).


