
PH Y SICA L RE VIE% 0 VOLUME 20, NUMBER 1 1 JULY 1979

Constituent description of NN elastic scattering observables at large angles
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We suggest that the constituent picture of nucleon-nucleon elastic scattering can be tested by the spin-
correlation measurements A«, A„, A„„, and A, t. These measurements provide a means for isolating various
reaction mechanisms, including possible quantum-chromodynamic instanton effects. We give specific model
calculations to illustrate these ideas.

I. INTRODUCTION

Nucleon-nucleon elastic scattering at high
energy and fixed c.m. angle (i.e. , s, f-~; s/t
fixed) is a particularly interesting process from
the standpoint of understanding quark dynamics.
If quantum chromodynamics (QCD) is correct and
no infrared or confinement phenomena introduce
mass scales, perturbation theory is thought to
be a trustworthy guide to the scattering of com-
posite systems. From it one obtains the results
known as dimensional counting":

—(A+8- C +D),~ „,(modulo logarithms),
do E(8)

tjg fixed

where N=n„+n~+n~+nD is the minimum number
of fundamental constituents of the composite parti-
cles A, B, C, and D. For instance, for nucleon-
nucleon scattering n„=n~ =n~ =nD =3, the number .

of quarks in a nucleon, so that Eq. (1.1) gives
do/dt-s "F(8). This behavior is in good agree-
ment with experiment, as are the predictions for
the proton and pion form factors, and for photo-
production and meson-nucleon and Compton scat-
tering. "

The counting rules may be applied to nonhadronic
systems such as ee-, ee or ey- ey where their
validity is well understood and where there are
calculable subasymptotic corrections. The appli-
cation of the rules to hadronic composite systems
is more problematical in that we do not know the
regime of validity of an asymptotic expression
such as Eq. (1.1). Indeed, even at the Born ap-
proximation, certain diagrams [e.g. , Fig. 1(a)]
may be present in QCD which give results which
do not agree with. Eq. (1.1), e.g. , giving for pP,
do/dt-s 'E(8).' No evidence for these contribu-
tions has been found in the data up to s-60 GeV',"
even though naively they might. dominate. Thus the
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FIG. 1. (a)-(e) Typical diagrams for fixed-angle,
large-s NN scattering. The wave functions are gener-
ally taken to be those of free quarks in the appropriate
SU(6) configuration (this is to be regarded as merely
an approximation, which gives the dominant helicity and
s dependences correctly). (a) Landshoff diagrams, (b)
and (c) @CD diagrams giving s dependence of Kq. (1.1)
(dimensional counting), and (d) JIM diagram and (e)
instanton diagram.

constituent picture of elastic nucleon-nucleon scat-
tering needs to be better understood. The reward
is potentially great: insight into confinement and
other nonperturbative effects.

A means of obtaining more detailed information
on QCD dynamics is to study the spin dependence
of fixed-angle PP and Pg elastic scattering at high
energy: Since QCD dictates how gluons (vectors)
interact with quarks (spinors), we anticipate cal-
culable predictions for the nucleon spin amplitudes.

The available data' ' [Figs. 2(a)-2(c)], albeit at
relatively low values of s and t, do show interest-
ing spin structure. It is not evident that constituent
hard-scattering models can be applied to these
data. For example, dimensional counting in QCD
for the nucleon form factor leads to f ', which
shows up only for t ~ 5 GeV/c'. Nevertheless, the
nucleon-nucleon spin data may be giving an early

20 202, Qc 1979 The American Physical Society



20 COÃ STITUKNT DES CRIPTIO N OF NN ELASTIC SCATTERING. . . 203

I.O

0.8—

I I I I

MICHIGAN, l2 GeV/c

0.4 —
Q1N

0.2—

-0.2—

0.2—

0

ARGONNE, 6 GeV/c

-0.2—

-0.4—
QIM

(b)

0—
ARGONNE, 6 GeV/c

(c)

-0.4—

06 I I
'

I I

0' 20' 40' 60' 80' 100' .

FIG. 2. Data onion for pp pp at 12 GeV/c {Ref. 8)
compared with the asymptotic QIM prediction (4.10).
(b) Data one~ for pp pp at 6 GeV/c (Ref. 7) compared
with the asymptotic QIM prediction (4.10). (c) Data on

A&& for pp pp at 6 GeV/c {Ref. 6) compared with the
asymptotic QIM prediction (4.10).

signal for behavior which one could hope to under-
stand in the QCD framework.

If one approximates the scattering by sums of
Feynman diagrams involving quarks, then in the
limit that the Mandelstam invariants s, t, and u
are large compared to any quark mass, the quarks
may be treated as massless. This has observable
consequences for zp and pp elastic scattering,
since for massless quarks the QCD vector inter-
action preserves the quark helicity. We shall
see in Sec. IV that this helicity conservation at
the quark level implies A„=-A„„and A.„=I',=0
at all angles. In addition, at 90' in the c.m. PP
has the general constraint A„„-A» -A» = 1, so
in that case A«(v/2) =24„„(p/2) —1. Our conven-
tions for spin asymmetries correspond to those
in Refs. 6-8.

Violations of these relations could have a very
exciting explanation since in QCD there are instan-
ton and possibly other nonperturbative effects which
are not helicity conserving. Qwing to the particu-
lar isospin and double-helicity-flip structure of in-
stanton effects, PP and Pn polarization experiments

may provide a means for isolating them. We dis-
cuss thi. s possibility briefly in Sec. III. It may be
noted in passing that one needs some such mechan-
ism to explain the nonconservation of the axial-
vector baryon current. '

We may also hope to learn more about the dy-
namics following from perturbative approxima-
tions to QCD. The 14ck of a unique, completely
convincing explanation for the absence of the so-
called Landshoff contribution which gave
do/dt(pp-pp)-s 'E(e) reflects itself inthefactthat
atpresent we cannot give a "first-principle" deriva-
tion of the nucleon-nucleon helicity amplitudes
even in perturbation theory. " However, that is

. precisely the value of studying this phenomenon.
We can identify several different models for NN
scattering, each of which is a conceivable conse-
quence of QCD, obtain their predictions for the
helicity amplitudes, and by comparing these to
experiments, learn something concrete about the
dynamics at work (or conceivably obtain evidence
against QCD in general). Three possible QCD-
inspired models naturally present themselves.

The first is a model we might call "perturba-
tive QCD, " in which the helicity, energy, and
angular dependence of the && scattering amplitude
is given to first approximation by the total Born
amplitude for the bare quark systems to scatter
[see Figs. 1(b} and. l(c)], projected onto the ap-
propriate SU(6) wave function for the nucleon.
In view of the fact that present data indicate the
absence of Landshoff contributions [Fig. 1(a)],'
we should probably include in this model only dia-
grams leading to s "behavior [e.g. , Figs. 1(b)
and 1(c)].

This model could be further modified by only
including diagrams with quark interchange [e.g. ,
Fig. 1(c)]. Computing the consequences of these
models requires considerable effort, involving
the summation of many (interfering) amplitudes
and lengthy traces. Thus one is led to consider
a still simpler model [Fig. 1(d)] which we call
the "quark-interchange model" (QIM} because it
is reminiscent of the spirit of the original con-
stituent-interchange model": Quarks are inter-
changed between the nucleons by an interaction
which conserves helicity and is independent of the
helicity of exchanged and spectator quarks. Then
[neglecting SU(6) breaking in the nucleon wave
functions] the PP-PP and Pn Pn helicit-y ampli-
tudes are obtained by projecting the possible quark
exchange amplitudes on the SU(6) wave functions
for the proton and neutron. In Sec. II we present
the results of this QIM model for the quark-helic-
ity-conserving pP and nP amplitudes.

Section IV is devoted to the experimental conse-
quences of the various possibilities for the helic-
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TABLE I. NN observables using polarized beams and

targets.

Ag
= &++ I((l++& ~ =~2(1(tel'+ lpl'+le, l'+l(t41'+4le, l')

@,
= &++ ill- -& &Po = —im(4'i+ (('2+ 4q (t'4)4'q*
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4, = &++
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el+ -& ~&,= I(«ki4»*+ 4&44*)
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=+ (-

I p, I'- I p, I'+ I@,I'+1041')

ity amplitudes, and the sensitivity of spin-spin
observables to the presence of instantonlike inter-
actions is illustrated.

IN(+)&I&(+)&- IN(+)&I&{+)&, &++ l(tl++& =y, :

W W -W-8'-i f

W,W, - W, TV,

TV,W2 —W, TV2

2 1 W2W1

W2W2- W,W2

W3W3 —W3W3

W,W, —W,W,

W,W, —W~W„

W3W, W„W5

W,W2 W„W4

II. SPIN-SPIN ASYMMETRIES IN THE QIM

The conventions we use for the spin observables
for &p~ elastic scattering, defined in terms of
Jacob-Wick" helicity amplitudes, are shown in
Table I. There are 5 independent helicity ampli-
tudes for &pf-NN. Other amplitudes can be re-
lated to these by parity, time-reversal invariance,
or identical-particle symmetry (Table II).

In order to relate nucleon-nucleon amplitudes to
amplitudes involving quarks, we make the natural
assumption that the spin of the nucleon is carried
by quarks. In the limit of light quarks we neglect
any helicity-flip contributions from gluon ex-
changes so that the helicity of a given quark line
in Fig. 1(d) is preserved. We can suppress color
indices if we keep track of the ordering of the
quarks in a nucleon. To illustrate, we will for
simplicity suppress the flavor degree of freedom
and write the quark configuration labels

IN(+)& = Iq(+)q(+)q(-)&+ Iq(+)q(-)q(+)&

+ Iq(-)q(+)q(+)&

W,W -W,W

W2W6 —W2W6

W3W~ —W3W~

W3lV5 —W3W5

IN(+)& IN(-)&- IÃ-)& IN(+» e=-&+--ly I-+)
(-1 =Jacob-Wick phase factor):

S'iW —W] W;.

W,W4 W5W2

W,W5 —W5W,

%"2W~ —W~W2

TV2W, -W~W,

W~R'6 —W„W„

(2.4)

(2.5)

=W, +W2+W~, (2. 1) No other possibilities are possible in the QIM

IN(-)& = Iq(-)q(-)q(+)&+ Iq(-)q(+)q(-)&

+ Iq(+)q(-)q(-))
= TV4+W'5+W6 ~ (2.2)

TABLE II. Particle symmetry.

The helicity content of an interchange diagram
such as Fig. 1(d) can be specified by requiring
that the first quark in each configuration W,. and

W& be interchanged to produce W—, and W&. If we
denote by W„any set of helicities such as
Iq(+)q(+)q(+)) which does not overlap with IN(+)&,
we have the following possibilities for exchange
amplitudes:
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4. = (++ I4 I- -) = 0 (2.6)

(2.7)

The factor (-1) in Eq. (2.5) is worth comment.

In the c.m. system we have in the initial state
three quarks directed by convention along
8=0, and three along 8=m. In the final state
we have three quarks directed along 8=8„,«
and three along 8 =z- I9„,«. Four of the quarks
have been rotated through j9„,«and two through
w —8„,« . In the Jacob-Wick helicity basis (defin-

so we can see immediately that helicity conserva-
tion at the quark level implies

ing scattering in the x-z plane), " this rotation
introduces a phase (-1) if the two quarks rotated
through m- 9„,«have opposite helicity. This
phase convention is included in our definition of
the observables in Table I. The crossing proper-
ties of our calculation are completely determined.
if f(e) gives the amplitude for scattering four
quarks through an angle 8 and two through w-0,
then f(w —8) is the amplitude for scattering four
quarks through z —0 and two through 0. By the
QIM assumptions this amplitude is independent
of helicity and flavor.

Including flavor in the diagram with quark inter-
change introduces only small complications. The
SU(6) wave functions" are

v'18
I p(+)) =2 Iu(+)u(+)d(-)) —Iu(+)d(+)u(-)) —Id(+)u(+)u(-)) +2 Iu(+)d(-)u(+)) —Iu(+)u(-)d(+))

—Id(+)u(-)u(+)&+2 Id(-)u(+)u(+)& —lu(-)u(+)d(+)& —lu(-)d(+)u(+)&,

-n8
I p(-)& = 2 lu(-)u(-) d(+)& —lu(-)d(-)u(+)& —ld(-)u(-)u(+)& +2 lu(-)d(+)u(-)& —lu(-)u(+)d(-)&

I

—Id(-)u(+)u(-)) +2 Id(+)u(-)u(-)& —Iu(+)u(-)d(-)& —Iu(+)d(-)u(-)&,

-v18 lu(+)) =2ld(+}d(+)u(-)) —ld(+)u(+)d(-)) —Iu(+)d(+)d(-))+2ld(+)u(-)d(+)) —ld(+)d(-)u(+)&

—lu(+&d(-&d(+)&+2 lu(-)d(+)d(+» —Id(-&d(+&u(+)& —Id(-)u(+&d(+»

@18 In(-)) = 2 ld(-)d(-)u(+)) —ld(-)u(-)d(+)) —Iu(-)d(-)d(+)) +2 ld(-)u(+)d(-)& —Id(-)d(+)u(-))

—lu(-&d(+&d(-»+2 lu(+)d(-&d(-}& —Id(+)«-)u(-)& —I«+)u(-&«-».

(2.8)

(2.9)

(2.10)

(2.11)

Note that the coefficients in (2.8)-(2.11) are not
all unity.

To keep track of all the ways of exchanging
quarks with various helicities and flavors, let
C'„sz be the coefficient of the SU(6) wave function
for particle i where o. , P, y represent both the fla-
vor and hei. icity indices. Thus in the process
ab- cd (where a, b, c, d label the isospin and helic-
ity of the nucleon) the helicity and flavor of quarks
2 and 3 for particles a and b are unchanged.
Under the QIM assumptions this exchange is inde-
pendent of the spectator quarks' flavor and helic-
ity, and contributes

V' =A p l ~ C ~ll &12&1&2 ef'1 81'Y 1 &181Y1 Oi2 82 Y2 +2 82 Y2

(2. 12)

Here repeated indices are summed, and 4„„.
1 2 1 2

is the amplitude for the chosen quarks to interact.
The QIM further assumes that

(cd Ig' Iag) ~ Tr(M "M'~}. (2.14)

The calculation thus reduces to determining for
each helicity and isospin configuration the matrix
M" i, which has a simple expression in terms of
the SU(6) wave functions

fj j j j jC cf8&C'&~8& +C P&yC 8'&& +Csy &Cey

(2.15)

These numbers can be computed directly from the
wave function.

In the limit where all kinematic variables are
large we write the scattering amplitude for ~
-MV,

scattering, as a result of choosing different initial
quarks=to interact. The sum of all diagrams is

(2.13)

For the QIM, the result in matrix form is

f(~)
An1n2 a1n2 ~ n1fy2~ n2tn1 p, (s, e) =—,g, (e). (2.16)

There are eight other contributions to the total Keeping track of crossing we have the angular
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factors
PP- PP:

p, (8) = 124F(8) +124F(7( —8),

y. (8) =o,

y, (8) =56F(8)+68F(~-8),

y, (8) =-68F(8) —56F(7( —8),

y, (8) =0;

np-np:

(t), (8) = 56F(8) +68F(m —8),

y. (8).=o,

y, (8) =88F(8) +100F()T—8),

y, (8) =32F(8) +32F(a —8),

y, (8) =0.

(2. 17)

(2.18)

(2. 19)

where the e„are the 16 matrices formed from
combining the SU(2) of helicity with the SU(2) of
isospin. For no spin or isospin flip, the relevant
terms for QIM are

+Pl/ Pl P1$ Pl Pl

4 . 4 ' 4

Itlg+ + Ply P2g- tiff++
4

0'37 3, (2.20)

where the numbers n are the average number of
quarks of type n. The signer-Eckart theorem
can be used to obtain the matrix M'~ for helicity
andlor isospin flip, The resulting matrices are

py, py 3 1 1M ' =4+4V3+m43+ ~0373,
M ' =-m -~o ~, ,

p-y, p+ 1

ning 3 & & 5M ' =
4 ——4V3+ 4', v ~103m, ,

Mnk, n+ 1 + + 5+2 + '7 + 3

(2.21)

The results in (2. 17) and (2.18) follow from multi-
plying two of these matrices and taking the trace,

These amplitudes have also been obtained in-
dependently by Brodsky, Carlson, and Lipkin. "
They have an elegant method based on group theory
for obtaining these results. Their method amounts
to arguing that the matrix M'~ has the general
form

that is, one evaluates the sum of the product of
the coefficients for the different possibilities. It
should be noted that with their method, v repre-
sents not ordinary spin, but what they term IJ spin,
which is related to the helicity.

III. THE CONTRIBUTION OF INSTANTONS

In perturbative QCD models, assuming that the
u and d quarks in the nucleon are very light, we
neglect the amplitude for gluon exchange to flip
the helicity of a quark, as this amplitude is pro-
po rtional to the quark mass. However, we may be
leaving out something very important if we con-
sider only these perturbative effects.

The existence of instanton solutions to QCD
gives the theory a multiple vacuum structure
which is central to our present understanding of
the U„(1) problem. The QCD Lagrangian with
two massless flavors of quarks is symmetric
under SU(2) 3SU(2)(3)Ua(1) SU„(1). However, the
consequences of a conserved axial-vector baryon
current (either a fourth Goldstone boson with the
quantum numbers of the q, or parity doubling of
all observed hadrons) are not observed in nature.
Instantons induce an anomaly in axial-vector bary-
on current conservation and thus break the unde-
sired symmetry. '

Instantons also result in an effective interaction
between the very light u and d quarks. The chiral
nature of the interaction is such that both flavors
must have the same initial helicity, and both are
flipped in the final state. For && scattering it is
no longer necessary that P, vanish, though (t), is
unaffected by the instanton induced interaction.

Briefly, we review how the effective four-fer-
mion interaction comes about. The generating
functional for fermion Green's functions in Eucli-
dean space may be written"

z(ted) = fetdetdet%

xexp — d'x g x +4, 4, +q,g, +g, +,
~\

(3.1)
where g and q are c-number fermion sources and
2 is the usual QCD Lagrangian containing gauge-
fixing and ghost terms. %e have suppressed the
integration over the ghost fields, and over the
flavors of heavy quarks.

Integrating over the fermion fields one obtains

z(e, t))= p f (XIA)~ (Detd) ) f

tq I Ng

x ) ( .d'x, t),.(x,)X,(x,) f d'x, )tt(x, )e,.(x,)exp f d'x Z(x ) e —d' x(d XS( t)x))( x)X, e'X
A). iL

X=1 k=1

(3.2)
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X dp pe 4 l'4gp'.
0

(3.3}

where Q(p) is the density of instantons or anti-
instantons of size p and m is the u, d quark mass.
It is best to calculate with a small quark mass to
begin with and let the mass go to zero at the end
of the calculation. We have suppressed the flavor
indices in (3.3).

Inserting this between explicit spinors and keep-
ing track of the flavor dependence of the interac-
tion gives

(p.—;p,-l3tf(, 8) I p, ;p. )

ssis*(ej2)f dpee(p)e '"e(des)', (3.4)

where e& & imp1.ies that the two initial quarks
1 2

must have distinct flavors.
We assume that Eq. (3.4) gives the necessary

helieity and isospin structure of instanton-induced

qq scattering. However, the s dependence is
clearly not to be taken seriously. Instantons
provide an effective four-fermion interaction. Just
as the Fermi four-fermion weak interaction vio-
lates unitarity at large s, so does the single-in-
stanton approximation. A more reliable approxi-
mation in the case of instantons would be the di-
lute-gas approximation. "'" Furthermore, the
instanton-induced effects in NN scattering involve
interactions between off-mass-shell quarks,
whereas Eq. (3.4) assumes the quarks are all on
the mass shell. Even if we knew the energy de-
pendence of the effect with some certainty, it
would still not be clear how to determine the ab-

where Nz is thenumber of massless flavors, Q is
the topological charge of the gauge fields, and

[&A]o indicates that the integration is restricted
to fields of topological charge Q. $~ and g~ are
the propagator and the gauge-covariant derivative
operator restricted to functions orthogonal to the
zero eigenvectors of fIf. The y„are the zero
eigenvectors, i.e. , fI)'x„=0. There are lQl inde-
pendent eigenfunetions. Fermion Green's func-
tions are obtained by taking functional derivatives
of (4.2} evaluated at q, =q, =0. Contributions from
gauge field configurations with lQ l

o 0 will vanish
unless there are lQl incoming and lQ l

outgoing
fermions of each light flavor.

Working in the approximation that there are
two light flavors, u and d, instantons and anti-
instantons generate a four-fermion interaction.
The 5-matrix element for scattering may be
written"

3if-u„(p,)u„(p,)u„(p,)u„(p,)

&& [(1+r, ) ...(1+r,). +(1+r,},,(1+r,), ,1

IV. THE PREDICTIONS FOR NN OBSERVABLES

Qne of the most direct consequences of pertur-
bative @CD models discussed above is that, of
the .ten real numbers representing five complex
amplitudes at a given angle and energy, only
three are expected to be nonzero. The fact that
all of the amplitudes are expected to be real im
mediately implies

I'0= 0. (4. 1)

This requirement of real amplitudes at large
angles must be relaxed in the forward, Regge,
region where amplitudes pick up a Regge phase.
The vanishing of the polarization may therefore
be used as a preliminary test to ensure that the
model is being compared with data in a regime in
which it might be expected to hold.

The second consequence which follows only from
the assumption of helieity conservation among the
quarks (neglecting components of the wave function
in which the valence quarks alone do not carry the
helicity of the nucleon} is that the two amplitudes,
(t), (8) and (P,(8), vanish. The absence of these am-
plitudes has the result Eq. (4.1), as well as

A„„=-A„,
A„=O (independent of 8) .

(4.2)

(4.3)

It is evident that these results are also true of the
Landshoff contribution, if present at higher energy.
Furthermore, the predictions (4. 1), (4.2), and
(4.3) are not changed by modifying the SU(6) wave
functions of the nucleon, as long as components
having total quark helicity unequal to the nucleon
helicity are not introduced, nor are they changed
by allowing nonzero amplitudes to have a relative
phase. These predictions represent a fairly direct
test of the underlying helicity conservation. Since
this may be broken by very interesting nonpertur-
bative effects generated by instantons, it is impor-
tant to test for (4.2) and (4.3), as well as (4.1).

solute normalization since there is a great deal of
controversy about the normalization of effects
which depend on integrals over instanton si, ,es."'"
Phenomenologieally, it may be possible to sum-
marize the instanton effects by parameters des-
cribing the SU(6) breaking of nucleon wave func-
tions.

Nonetheless, we can isolate instanton-induced
effects by comparing np and pp scattering. Using
the flavor and helicity dependence of Eq. (3.4),
we can calculate the ratio of (p, for pp and np
scattering using the counting techniques of Sec. II.
We find

(3.5)
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At 90' in the c.m. system for pP scattering we
have some additional simplification in the problem
since from Table I

This implies

A„(v/2) = A,.(v/2), (4.9)

y, (g/2) = -y, (~/2) . (4.4)
which can be combined with (4.6) and (4.2) to give
immediately

Note also that, independent of the dynamics of
quark helicity conservation, symmetry arguments
give

A„„(v/2) =-,",
A„(m/2) =A„(v/2) =--,', (4.10)

y, (v/2) =0.

We can use (4.4) to write

1 —A„„(m/2) +A„(m/2) +A„(v/2) = 0

(4.5)

(4.6)

y, (~/2)
(4.7)

Using the SU(6) wave functions and the amplitudes
(2.17) we get

1
QIM

(4.8)

for PP scattering. A measurement of A „at 90'
combined with either a measurement of A„or
A„„can be used in conjunction with (4.2) and (4.6)
to test for quark helicity conservation.

Now let us concentrate on those results which
rely specifically on the QIM amplitudes given in
(2.17) and (2.18). In the QIM at 90' everything can
be described in terms of one parameter

for pp scattering.
The pp spin-spin asymmetries have very little

angular dependence because P, (8) and p, (8) are
almost symmetric around m/2. For instance, with
our SU(6) assumptions,

68 —56 3
68+56 31 ~

(4.11)

is quite small. The analytic expressions for the
asymmetries as a function of angle are given in
Table III.

The results for np-np are similar to those of
PP. The magnitudes of the three nP asymmetries
4„„,A„, and A» are equal. Their signs in each
case are opposite to the corresponding ones in

pP, and the common value is approximately 0.44
(see Table III).

It is instructive to compare the QIM results Eq.
(4.10) to those of elastic electron-electron scatter-

TABLE III. QIM Observables.

E(e) =» b(0)+a(0)1

E(r- 0) =~» [s(e) -a(e)l

pp pp d& 2 3 a(0)
31 s(e)

A„„(e)=-A,,(e) =-A„(e)

A„„(e)=—1
32 (0)2

31' s(0)'

3 a(e)'
31' s(0)'

nP -nP
pp(e) =A ~(e) = 0

do 3x571 2 6 x13 a(0) 3 a(e)
d~ 31 x31 571 s(0) 571 s(e)

(0) = s(e) 1- +

Ann(e) =-A~~(0) =-A)g(e)

p, (e) =A„(e) =0

( )
47 16
3 x 571

3 a(0)
47 s(e)

=-0.44
6x13 a(0) 3 a(0)
571 s(e) 571 s(e)

do
dg (nP

cr
„(pu) =sei=0 6
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ing. In the latter case, the interaction due to
photon exchange is purely a vector-vector coupling,
properly antisymmetrized. At 90' c.m. angle,
the results are

0.8

04—
0 I t1

Ann

A„„(w/2) =-A„(w/2) = w,

A„(w/2) =- w,

for the spin-spin asymmetries, and

do'—CC

dt

(4.12)

(4.13)

0.2—

-0.2—
QIN

I I

I

A)(

for the s dependence of the fixed-angle cross sec-
tion. Even though one may imagine that the under-
lying interaction between quarks is also a vector
interaction, "the bound-state nature of the objects
being scattered has a profound influence on both
the s dependence of the cross section and its-spin
dependence.

To illustrate the sensitivity of the data on spin-
spin observables to the presence of helicity-non-
conserving interactions, we can construct a sim-
ple amalgamation of the QIM amplitudes given in
(2.1V) and (2.22) together with the amplitude

y, (8) =c[8g(8)+8g(w-8)], (4.14)

0.5
(1 —cos8) (4.15)

This shape is in rough agreement with the shape
of the large-angle elastic cross section.

The detailed form of E(8) is not important for
the QIM predictions of spin-spin asymmetries
since the different helicity amplitudes have ap-

with g(8) =1/(1- cos8)' as suggested by (3.4). The
factor "8"is obtained from counting arguments for
pp scattering using SU(6) wave functions and the
flavor and helicity dependence of (3.4). Corres-
ponding arguments for nP give a factor of 17. The
constant c is unknown and relates the magnitude
of a quark-helicity-nonconserving amplitude to
a QIM amplitude at a given energy. Our conven-
tion on the QIM normalization is such that

y, (w/2)/y, (w/2) =2c/31.

Choosing the normalization for g, (w/2) corres-
ponds to fixing that of E(8} in (2.17}and (2.18} in
the QIM. Since E(8) appears in symmetric form,
E(w/2) = —,'; the angular dependence for cos8 e-l, l
can be estimated using t ' for the nucleon form
factor":

-0.6
00

I

20' 40' 60' 80' I 00'

(t c.m.

FIG. 3. Asymptotic behavior of pp pp asymmetries
A~, A~, and A&& obtained by combining the QIM am-
plitudes with an instanton generated |It&(8) as described
in, the text. The solid line c=2, dashed line c=4.
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proximately the same angular dependence. How-
ever, the instanton-induced effect appears in A„„
as an interference with QIM so for the amalga-
mated model the predictions have some sensitivity
to the choice of E(8).

The spin-spin observables for pp- pp are plotted
as a function of angle in this amalgamated model
in Fig. 3 for two values of the constant c, c =2,
and c =4. We see that the dominant effect is to in-
crease A„„and A„while having comparatively little
effect on A». At 90 we see that it is possible to
reproduce the magnitude of A„„with c =4. The cor-
responding modifications of QIM in nP are similar.
At 90' with c =4, for example, A.„„=-0.57 and A
=, 0.31. Assuming the QIM contributions are reli-
able, a comparison of gP and PP spin-spin data
provides a test of the helicity and flavor depen-
dence of instantonlike effects.

The necessity for some mechanism in addition
to QIM is evident from the structure observed'
in A„„near 90' at p„„=12GeV/c. However, these
deviations from QIM might be understandable with-
out instanton effects or helicity nonconservation.
A measurement of either g„or g„near 90' could
be decisive.
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