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New impact picture for low- and high-energy proton-proton elastic scattering
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We improve significantly the impact picture that was used several years ago to predict the increase of total

and integrated differential cross sections at high energies. The major improvements consist of the following:

(1) The dependence of the Pomeron term, on the momentum transfer is taken from a modified version of the

relation between matt'er distribution and charge distribution, (2) Regge backgrounds are properly taken into

account, and (3) a simple nontrivial form is used for the hadronic-matter current in the proton. For proton-

proton elastic scattering, the phenomenological differential cross section is in good agreement with the

experimental data in the laboratory momentum range of 14 to 2000 GeV/c, and is predicted for ISABELLE

energy. Because of the third improvement, predictions are obtained for both polarization and R parameters

for proton-proton elastic scattering.

I. INTRODUCTION

In order to have some theoretical understanding
of scattering processes at extremely high ener-
gies, one useful approach is to study the high-en-
ergy behavior of quantum field theory. In any

. relativistic quantum field theory, many funda-
mental properties of the S matrix are automati-
cally satisfied, including in particular the pres-
ence of production processes, s-channel unitarity,
t -channel unitarity, analyticity, and crossing
symmetry. For this reason, in relativistic quan-
tum field theory we have a theoretical laboratory
to investigate the interrelation of these general
properties together with their implications on
high-energy processes.

A fi.rst result of such an investigation' is that
the Froissart bound' is not merely an upper bound
but is actually saturated. In other words, in the
high-energy limit s-~, the total cross section
increases as (lns)', where s is the square of the
center-of-mass energy. Three years later, in-
creasing cross section was found experimentally
at CERN ISR for proton-proton scattering, ' al-
though we cannot conclude in the presently avail-
able energy range that the Froissart bound is ac-
tually saturated. By now, there is a great deal of .

experimental information on this subject from
both ISR and Fermilab. It is the purpose of this
paper to carry out a phenomenological analysis
of these data on proton-proton scattering in a way
compatible with the results of quantum field the-
ory.

Several years ago, when there was as yet very
little experimental information, such a pheno-
menological analysis, referred to as an impact
picture, was carried out. ' This earlier analysis

was successful in giving a number of predictions
that were verified later, such as the increase of
the mP and KP total cross sections, and the large
ratio of Kp to pp differential cross sections.
However, this earlier analysis (see for a more
recent summary Ref. 5) also has a number of
major defects; the present work contains the fol-
lowing significant improvements:

(i) In the dependence on momentum transfer, the
form of the Pomeron term is taken from a modi-
fied version of the relation between matter distri-
bution and charge distribution. ' ' In the earlier
analysis, 4 because of the absence of data, this
form was chosen arbitrarily for computational
convenience.

(ii) In the dependence on energy, Regge back-
ground terms are properly included. In the earl-
ier analysis, these terms are taken into account
only in the forward direction.

(iii) The spin dependence of the proton in the
Pomeron term is constructed within a simple
physical picture of rotation of matter inside the
proton. This construction is based on the concept
of hadronic current density of Chou and Yang. ',It
is thus possible to study the polarization and ro-
tation parameters.

On the other hand, a number of the simplifying
assumptions used previously4 are still retained.
They include in particular the following two:

(1) The contribution to opaqueness due to the
Pomeron is assumed to be factorized into the
product of a function of energy and one of the im-
pact parameter [see (2) below]. This factorization
is sometimes referred to as geometrical scaling.

(2) The opaqueness for any fixed impact param-
eter is assumed to increase without bound in the
limit of infinite energy.
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It must be realized that neither of these assump-
tions has support from quantum field theory, ' and
almost certainly requires modification in the fu-
ture. In particular, the second assumption means
that we use the factor 1 —e ""'"'below in (1) while
it should more generally be a[1-e ~"b'] with
cy & 1. This assumption has been extensively dis-
cussed before [see Sec.. 4(H) of Ref. 4], and the
presence of n& 1 means, on the basis of quantum
field theory, the most interesting possibility of
the existence of hadronic states that couple very
weakly to the Pomeron.

The present phenomenological analysis covers the
range in laboratory momentum from 14 to 2000
GeV/c. Special attention is given to the absence of
the second dip in PP differential cross section.
Predictions for energies of future accelerators
such as ISABELLE are presented.

II. DESCRIPTION OF THE MODEL

In this section we describe our model in view of
an analysis of the experimental data on total and
differential cross sections. In the impact param-
eter representation we write the proton-proton
elastic amplitude as

M(s t ) e-i i b (I e- 0 (s ~ b) )it/2'

where q is the momentum transfer, t = -q' and

Q(s, 5) is defined to be the opaqueness at the im-
pact parameter 5 which is also a function of the
energy Ms . The colliding particles carry a spin
—,
' and as a result Q(s, 5) is a spin-dependent func-
tion. The spin dependence of 0 will be treated in
Sec. IV, and for the moment let us define Q, (s, 5)
corresponding to the spin-independent par't of the
amplitude as a sum of two terms

Q, (s, 6) =S,(s)F(6')+ R,(s, 6) . (2

The first term associated to the "Pomeron" ex-
change, is responsible for the diffractive compo-
nent, and the second term is a Regge background
whose contribution is needed to describe the low-
energy data. For the diffractive term a simple
choice is to assume' that the s and the 6 depend-
ence factorize such that we have a product of two
functions S,(s) and F(5'). The expression for
S,(s) is taken from the high-energy behavior of
quantum field theory' and we shall use the cross-
ing-symm etrie expression4

Cl +tE(t)=f [G(t)]' (4)

with

The term G(t) corresponds to a reasonable pa-
rametrization of the form factor, while the last
factor in (4) represents an approximation to the
remaining t dependence which is unknown at
present. More elaborate expressions can be used
provided they give a zero at a similar t value,
but the function we propose involves only one free
parameter and is a very simple one. Let us stress
that with the slowly varying function introduced
in Eq. (4) factorization is violated since it cannot
be expressed as a product of vertex functions un-
less new branch cut singularities occur. However,
our Pomeron is a fixed cut so we do not need to
preserve factorization.

Since we are interested in the analysis of low-
energy data, we must add a spin-independent
Regge background that we shall take as

The impact-parameter dependence of the Pom-
eron is contained in E(5') for which various ansatz
have been proposed that we want to discuss brief-
ly. In the earlier analysis' F(5') was chosen to be
proportional to the function exp[ —A(b'+ h, ')'~'] .
For such a function the calculated amplitude has
the interesting feature that it gives o~e dip in the
differential cross section (once the parameters
are adjusted), but it suffers from a fast decrease
at large t, and it is below the recent ISR data by
a few orders of magnitude. Another ansatz follows
from the proportionality between the charge den-
sity of the proton and the internal distribution of
matter. ' ' If this proportionality is assumed to be
exact, and a multipole approximation is used for
the electromagnetic form factor of the proton, then
the resulting amplitude gives a fair description of
the differential cross section at ISR energies up to
2 GeV', but gives also around

~
t

~

- 4 GeV' a sec-
ond dip, which is not observed at ISR.

Here we present a solution which overcomes the
difficulties mentioned above by supposing that
E(t) is not only proportional to the square of the
form factor, but also proportional to a slowly
varying function of t which has a real zero. This
possibility is not ruled out by quantum field theory,
since the relation between E(t ) and the electro-
magnetic form factor is not exact. ' We shall take

A, (s, t) = [C++ C e '"" ' ]s" '~ (6)

where u is the-third Mandelstam variable. Note
that S,(s) is complex.

representing the standard even- and odd-signature
exchange contributions, with an exchange-de-
generate trajectory ct(t) = n, + u'(t. Notice that in
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FIG. 1. Proton electrom'agnetic form factor Gz(t)/p
compared with the function G(t) given by Eq. (5) (solid .

curve). For a compilation of the data see Ref. 10.

a,(s, ()=(sf J,(bWt)(1 —e "'b'"(bdb .
0

(8)

III. NUMERICAL RESULTS

The amplitude a, involves ten parameters that
we fitted by taking the PP total-cross-section data
and the elastic PP data on o.... p = Rea+Ima„and
dc/dt in the momentum range from 14 GeV/c up
to 2000 GeV/c. As a result of the fit we have ob-
tained the following values:

c = 0.151, c' = 0.756,

m, =0.619 GeV, m, =1.587 GeV,

a=2.257 GeV, f=8.125,

C, =-39, C =1 8,

o(($) = 0.352+ 0.694t,

with f in units of (GeV)'. The asymptotic energy
regime of hadronic interactions is controlled by
c and c' and the above values obtained by using
a very large set of data are more accurate than
those from the previous determination. 4

Ref. 4 only the energy dependence of o,„was
fitted so a simple term as A/Ws was used instead
of this Regge contribution.

Summarizing all the above expressions Eqs.
(3)-(6), we get

fI,(s, f) = S,(s)$'(f)+ A, (s, f), (7

whose Fourier transform provides Q,(s, b) from
which one can calculate the spin-independent amp-
litude

A comparison of the model with experimental
data is displayed in Figs. 1-9, and let us now
discuss the results in some details. The double-
pole term G(t) in E(I. (5) can be interpreted as
the "form factor. " In Fig. 1, G(t) is plotted
versus -t with the values of m, and m, fitted from
the differential cross section, the curve has the
correct shape compared with the experimental
electromagnetic form factor, "however, for large
t it lies above the data points. Since we do not
expect an exact connection with the form factor, '
we consider that this double-pole parametrization
is an approximate fit to the form factor.

The profile functions are shown in Fig. 2. The
curve labeled Qo(b) represents the Fourier trans-
form of f[G(t)]', and we observe that the intro-
duction of a zero in E(I. (4) flattens the curve
E(b') in the low-5 region. Such a difference is
necessary to reproduce correctly the large-t
behavior of the cross section. A similar flatten-
ing effect has been obtained in a model of the
quark-gluon structure of the proton by Van Hove, "
who assumes that the gluon amplitude is close
to the unitarity limit at small impact parameter
distance.

The total cross sections o„, and the ratio p
= Rea, /Ima, are presented in Figs. 3, 4 as a
check of the forward values of the amplitude. The
Figs. 5-8 show the fair agreement of the model
with the differential cross section between 14 and
2000 GeV/c, in particular atP„„=1480 GeV/c
(see Fig. 7) we get the correct slope of the cross
section up to ~t~

= 10 GeV' and no second dip
arises at such energy. We have also checked
the energy dependence at fixed f ( t = 6 GeV') in-
Fig. 9. The curve reproduces the general trend
of the data, and we predict that the cross section
is decreasing slowly with energy above Ws= 70
GeV. For Ms&25 GeV where the Regge back-
ground is important, we observe that the theo-
retical curve lies below the data. This means
that, for large ~t~ around 6 GeV', the simple
Regge contribution that we have used decreases
too rapidly. As a possible further test of this
Regge background, we plan in the future to calcu-
late from the present phenomenology the case of
antiproton-proton scattering, where no new pa-
rameter is needed. Possible significant deviations
between the theory and the data may give valuable
information about the Regge terms. Finally we
remark that our "input" Regge trajectory o((t)
= 0.352+0.654t is lower and flatter than usual,
but after the eikonalization we have checked that
we obtain a normal trajectory which gives, for
example, the correct crossover t value for PP
andPP as in Ref. 16.

In view of the energy domain accessible to the
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F&Q. 2. profile functions. Q~(b) (solid curve) corresponds to the Fourier transform off k (t)j, E(b ) (dashed curve)
to the tranform of Eq. (4), and 5'~ (b ) (dotted curve) is the spin-dependent profile function corresponding to soft rotation.

future accelerators (ISABELLE}, Fig. 10shows Pre-
dictions at v s = 200 and 800 GeV. We note that
no second dip appears at these very high energies
because Ima, (s, t} has only one zero. This is
certainly different from the approach of Chou and
Yang" who expect the development of a second
dip due to a slowly decreasing real part.

IV. SPIN STRUCTURE OF THE MODEL

Up to now we have ignored the proton spin be-
cause the data we have analyzed are not sensitive

to this degree of freedom. In the following we
will show that with some simple hypothesis con-
cerning the structure of the proton we are able
to construct a spin-dependent amplitude and then
to calculate the polarization and the R parameter
at different energies.

The concept of matter current inside a hadron
is due to Chou and Yang. ' They study the exis-
tence of a hadronic matter current inside a
polarized hadron as a complementary aspect of
their original hypothesis on hadronic matter

T
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FIG. 3. Ot t proton-proton (black circles) and antiproton-proton (open circles) (data are from Hef. 11), and prediction
for ISABELLE energies. The solid curves areour model fit, and thedashed curves are thepredictions of Ref. 4with c'= 0.
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proton-proton elastic
incident proton along the y axis. Consider a small
region of the target and call v, the y component
of the velocity of this region in the c.m. system
of this region and of the projectile. The effective
energy of the projectile in the rest-system region
of the target is

s„,=s(1 -v„), (10)

where higher-order terms in e, have been
neglected. From Eq. (3) the energy dependence
of the Pomeron exchange becomes now

S,(s)-S(s, b) = S,(s,ff)- Se(s)- sv, — Se(s)
I I I I I IIII I I I I I I I II

10. 102
I J ~ [ I I II I I I I I III

I
b(GBV/c)

FIG. 4. Rea+Imao as a function of ptet, (data from
Ref. 12). The curve is our model fit.

aensity, the two concepts being analogous to the
electromagnetic charge and current densities.
As a consequence of their hypothesis, the presence
of an hadronic rnatter current makes the inter-
action spin dependent and this leads to specific
predictions on spin-correlation parameters, in
particular, the 8 parameter. '

Let us assume that the scattering of two protons
occurs in the x-y plane with the direction of the

Sc g Sc

(lns)' » (lns)'

+ cross terms in u .
The quantity v, describes the motion of hadronic

matter inside a proton, and is determined in a
complicted way by strong interactions. For the
present purposes, we propose to proceed with
the simplest possible assumptions. In this sec-
tion, we consider the case of rigid station

v„=(A, = (A„b (12)

where & is the angular velocity of the rigid rota-
tion, b =h/b is a unit vector, and b„ is the x com-
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FIG. 5. Proton-proton differential cross section at
p 2~=14.2 GeV/c (data from Ref. 13). The curve is our
model fit.

FIG. 6. Proton-proton differential cross section at
p&@,=290 GeV/c (data from Ref. 14). The curve is our
model fit.
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ponent of b.
Since rigid rotation is specified by only one

parameter &, it is the simplest conceivable as-
sumption, but it clearly has qualitatively un-
desirable features. Thus in the next section we
shall consider a somewhat more complicated form

of v, .
From (11) a.nd (12) we ob&ajn

S(s, b) = So(s) —&b„bS,(s),
where

(jns)' jns (jnu)' I jntt

(13)

10 p, =2060 G8VIc

(13')

The sign of v, is related to the spin orientation
of the target so we have

S(s, b) = So(s) + ubt, Sb, (s),

10
dG
dt

(mb/GeV') proton —proton

10
c9
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c Ferm) lob 77
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FIG. 8. Proton-proton differential cross section at
~ 18b=2060 GeV/c {data from Ref. 14). The curve is our

I

model fit.

FIG. 9. Proton-proton differential cross section as a
function of Ws and fixed —t = 6 GeV {data from Bef. 13
and 14). The curve is our model prediction.
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The total scattering amplitude defined by Eq. (1)
can be written as

M(s, t) = a,(s, t)+i 0'n a~(s, t), (17)
where n is a unit vector normal to the scattering
plane, a,(s, t) is given by Eq. (8), and the spin-
dependent amplitude a,(s, t) reads

10

10

a, (s, t) =is J,(b~t)A, (s, b)e no~ "bdb, (18)

10

10

10

10

10-8

10'

where the Bessel function J, comes from the angu-
lar integration.

In addition, we have included the real contribu-
tion of one-photon exchange to the scattering am-
plitudes ao and a, which leads to a sizeable effect
in the polarization at high energi:es and large mo-
mentum transfer (see Ref. 18).

Let us finally recall the expressions in terms of
the a.mplitude ao(s, t) and a, (s, t) of the four ob-
servables in the laboratory system corresponding
to the scattering with a polarized proton target.
These observables are

10- 0

I i I t I I i I i I

1 2 3 I 5 6 7 8 9 10 11 12

lt l(GeV )

Oo= &o +

O', P = 2 Im(a, a,*),
o.R):=-(Iaol'- lail') «s(e - &.)

(18)

(2o)

FIG. 10. Proton-proton differential cross section at
vs =200 and 800 GeV. The two curves are our model
predictions.

-2 Re(a,a,*)sin(e —es),
&.& "=-(Ia.l'-la I')»n(& —&.)

+ 2 Re(a,a,*)cos(e —8„),

(21)

(22)
where w for target spin +-,' along the s axis.

%e differ from the pioneering work of Chou and
Yang' in two respects. First, their hadronic mat-
ter motion is not described by (12); and secondly,
because S(s, b) as given by (13) is complex, we get
a nonvanishing polarization at high energies when

the Pomeron dominates.
The total opaqueness O(s, b) which occurs in Eq.

(1) is obtained in this case from Eq. (2) by the
substitution S,(s) -S(s, b) given by Eq. (13') which

yields

n(s, b) = n, (s, b)+ &,(s, b)b„,
with

Q, (s, b) = E,(b')S,(s)+R,(s, b),

where F,(b') = b+E(b') and R,(s, b) is a necessary
Regge spin-dependent contribution in order to
study polarization and rotation parameters at low
energies. More explicitly, R,(s, b) is the Fourier
transform of the standard Regge background

where 8 is the center-of-mass scattering angle,
8„ is the recoil angle in the laboratory system.

0.1 —'

proton —proton p(,b- 100 GeV/c

(F'rom 0. Chamberlain et al)

-0.1—

V.- $PIN STRUCTURE OF THE MODEL (CONTINUED)

Although rigid rotation involves the least num-'

ber of parameters, it is unsatisfactory from a

R ( t) ~t [C + Ci irn&t)] st&en(t)- (16)

which has the appropriate kinematical factor ~t
and an exponential damping factor in the residue.
This damping factor which should be included in
general was not necessary for the spin-independent
amplitude a,(s, t) (see also Ref. 16).

I
'

05
il I 8

1.0
-t {GeV )

I

1.5
I

2.0

FIG. 11. Polarization at 100 GeV/c (data from Ref.
19). The curve is the fit of our rigid-rotation model.
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FIG. 12. Prediction of our rigid-rotation model for
the polarization at 300 Gev/c.

-0.7

-0.8
~ ~ ~ ~

~ ~
I I I ~ &

1 2 3 4
t (Gpy~)

FIG. 13. Prediction of our rigid-rotation model for
R&~ at 100, 280, 1480 GeV/c.

theoretical point of view for the following reason.
Consider the mathematical limit of s -~, where
contributions from the large impact parameter be-
come very important. If (12) is taken literally,
matter velocity is proportional to the impact
parameter, and thus there is significant violation
of special relativity in exceeding the velocity of
light. It is much more reasonable to assume that
the momentum density, instead of the matter velo-
city, is porportional to the impact parameter. If
so, the important contribution to rotation para-
meters, in the limit s -~, comes from hadronic
matter moving at nearly the velocity of light. This
situation is still not plausible.

(o(b') -o, (23)

as 5 -. In contrast to rigid rotation, such rqp-
tion will be referred to as soft rotation.

This replacement of &o- v(b') should be carried
out for all the formulas of the last section. Thus,
for example, Eq. (13) is now

S(s, 5) =S (s) —&g(b )$„bS (s), (24)

The simplest way to avoid this problem is to
replace co, the angular velocity for rigid rotation,
by ur(b'), a function of the impact parameter chosen
such that

proton-proton l7.5 GeV/c

Q.2—

Q.l —
.

0

ll
tlVk ,L

0.1—

l

0.5
I

l.0
iti (GeV )

I

2.0

FIG. 14. Polarization at 17.5 GeV/c (data from Ref. 21ji. The curve is our soft-rotation mode]. fit.
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FIG. 17. The solid curve is our model. prediction
(soft rotation) for the polarization at 150 GeV/c, the
dashed curve is the result when the Coulomb contribu-
tion is not included.

2.0
I t l(Ge V 2)

1.50.5 1.0

FIG. 15. Polarization at 45 GeV/c (data from Ref.
22). The curve is our soft-rotation model fit,

tile passes through the target, and e, as an average
value of the velocities for a given value of b„. In
the future, when hadronic matter current is better
understood, it will be necessary to study such
complications in detail, and it is likely that physi-
cal effects may be directly measured.

and the E,(b') of (15) is given by

E,(b') = b(o(b' )E(b') . (25)

Even though this generalization of introducing
a function of the impact parameter is completely
straightforward, we must be aware of the com-
plications of this generalization. Rigid rotation
has the following character. Consider a proton
executing rigid rotation about the z axis, then for
a given value of b„ the y component of the velocity
is independent of 5,, and is given by (12). For
soft rotati. on, this is no longer true. In other
words, for soft rotation about the z axis, the y
component of the velocity depends not only on b„
but also b„. Therefore, in the impact-parameter
representation, the effective energy of the colli-
sion varies as the projectile passes through the
target, and hence the s,ff of Eq. (10) has a spread.

We choose to. ignore this complication for the
present phenomenological analysis. The reason
is that at present very little is known about had-
ronic matter current, and that soft rotati:on is only
meant to describe the gross features of this cur-
rent. It thus seems reasonable to view s,«as an
average of the effective values of s as the projec-

VI. POLARIZATION AND R PARAMETER

We shall discuss the results in the two cases
considered above.

A. Rigid rotation

The parametrization of the flip amplitude in-
volves four parameters &, C,',B. The fit of the
polarization data between 17-100 GeV/c shows
that the value of the parameter & in the Pomeron
exchange is co =-0.06 GeV. The Hegge flip para-
meters are C,'=11.246, C'=-7.623, B =1.942
GeV ', and n(t) is the same as the nonf lip. We
present the results for the polarization at P„„=100
GeV/c compared with the data on Fig. 11. A pre-
diction for P at P„„=300GeV/c is given in Fig.
12 and shows large positive values in the dip re-
gion. We have calculated the R parameter at dif-

.2
proton -proton 300 GeV/c

proton —proton 100 GeV/c
(FROM 0.CHAMBERLAIN ET AL) I

I
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I
I
I
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P

0
I .3-
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With

.5-
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.6-
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28
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0.5
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2g
I t l(GeY2)
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1.5. 2.5
ltl (GeV2)

1.51.0 0.5 1.0

FIG. 16. Polarization at 100 GeV/c (data from Ref.
19). The solid curve is the fit of our soft-rotation model,
and the dashed curve provides the result when the
Coulomb contribution is not included.

FIG. 18. The solid curve is our model prediction
(soft rotation) for the polarization at 300 GeV/c, the
dashed curve is the result when the Coulomb contribu-
tion is not included.
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II
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FlG. 19. R&~ atP~~.=45 GeV/c (data from Ref. 23).
The solid curve is our soft-rotation model prediction.
The dashed curve is the prediction with no spin (a&=0).

ferent energies 100, 280, and 1480 QeV/c shown
in Fig. 13.

The results on the 8 parameter have been re-
ported elsewherePP

3

ro(b') = (u, + 0

(27)

With (26), we have five parameters in that case
whose values are ~p =-0.06 GeV, b0=3.75 GeV '.
The Regge flip parameters are C,'=3.547, C'

0.1

0.2

0.3

OA

RI b P+P ~ P+P

150 GeV/c
300 GeV/c

~ ~ ~ ~ ~ ~ 1480 GeV/c

' 0.5

O.l

0.8

0.9-
I

3 -t (Gev2)

FIG. 20. Predictions of R&~ at 150, 300, 14SO GeV/c
(soft rotation).

B. Soft rotation

Besides the condition (23), there is no guidance

in selecting the function co(b'). We choose, rather
arbitrarily, the Gaussian form

(b2) ~ e-1 /bp (26)

where one additional parameter, b„has been in-

troduced. Another plausible form is

1.3
I

1.4 1.5
I

1.6 1.7
I t l(Ge Y2)

FIG. 21. Predictions of R&& at 100, 200, 300 GeV/c
for 1.3& I tI & 1.7 GeV2 (soft rotation).

=-1.538, B=0.597 GeV '. With these parameters
the profile function E,(b') which corresponds to
the spin-dependent part of the Pomeron is plotted
in Fig. 2 and as expected it exhibits a peripheral
behavior.

'The results on the polarization are in Figs. 14,
15, 16 for the energies 17.5, 45, and 100 GeV/c,
there is a reasonable agreement with experiments
in particular at low t values. We also present on

Figs. 17 and &8 predictions of our model for P„b
= 150 and 300 GeV/c which will be soon compared
with new experimental data.

A detailed analysis of the amplitudes in the
soft-rotation case shows that the real part of the
flip amplitude a, is positive for small t values
and has a zero at

~
t

l

= 1.1 GeV' at P„„=17.5
GeV/c which moves in when the energy increases.
As a result the double zero of the polarization at
17.5 GeV/c gives rise to a single zero for smaller
and smaller t values when s increases. For
l tl & 1 GeV' the main contribution of the polar-
ization comes from Imao Rea, [see Eil. (20)], and
this is the reason why P becomes negative in this
t range at high energies. The imaginary part of
the nonf lip amplitude a, has a zero which also
moves in when s increases, and at P„~=300 GeV/c
it occurs at the dip position

l
t

I
= 1.3 GeV'. This

gives for P a maximum negative value larger and
larger when Rea, decreases as the energy
increases.

We have calculated the R parameter at different
energies: 45, 100, 280, and 1480 GeV/c in Figs.
1.9-21. In order to emphasize the influence of a„
on B„»we plotted at 45 GeV/c a curve with no
spin dependence (a, =0). We observe that at low
t (-t &0.5 GeV') the spin effect is negligible,
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while for -t-1 GeV' the two curves separate.
The existing data at low t ' have too large errors
and so yield no precise conclusion. From our re-
sult, future experiments at large —t will be of in-
terest for the detection of spin effect if reasonable
errors are obtained. At Fermilab or CERN SPS
energies, the R parameter develops a rapid vari-
ation between 100 and 300 GeV/c around -t =1.3
Geg' at the position of the dip in the differential
cross section (see Fig. 21). This effect can be
detected, because we notice in Eq. (20), that if
no spin effect was present R would behave as
cos(8 —9„), so any departure from that curve in-
dicates the presence of spin interference. Let us
stress that for the energies above 200 GeV/c
where the Regge background becomes negligible,
the predictions of our model for the Pomeron spin
amplitude depend on two parameters w, and b, for
the case of soft rotation.

VI. CONCLUSION

We have presented a phenomenological analysis
of pp elastic scattering from P„b=14 GeV/c up to
2000 GeV/c by means of a new impact picture
with a specific spin dependence. The model de-
rived from the asymptotic energy behavior of
relativistic quantum field theory gives a fair de-
scription of the data in particular at ISR energies
and large momentum transfers. It shows that no

significant modifications on our ideas on diffrac-
tion are necessary and contradicts the statement
according to which eikonal models are inadequate
for high-energy processes. ' The absence of a
second dip at ISR energies" is due to the follow-
ing facts: (i) The energy dependence of the Pom-
eron is described by a complex function of energy
S(s), (ii) the profile function F(b') is close to the
unitarity limit near b-0, and for large b decrea-
ses less rapidly than a Gaussian. This flattening
of E(b') at small b is produced by a zero at

~
t~- 5

GeV' in &(t).
Qnce the phenomenologically satisfactory im-

pact picture of Sec. II is available, it is then pos-
sible to study the spin dependence at high energies
by combining the impact picture with the hadronic
matter current of Chou and Yang. ' Two of the
simple possibilities are the cases of rigid rotation

and soft rotation. While rigid rotation is the sim-
plest in the sense of involving the least number of
parameters, it has serious theoretical difficulties
in the limit of infinite energy. Soft rotation, on
the other hand, involves at least one more para-
meter but seems to have no conceptual difficulty.

For the two phenomenological models of rigid
rotation and soft rotation, the predictions for both
polarization and the R parameter are quite differ-
ent. This means that these two models can be
easily differentiated experimentally by measuring
either the polarization or the R parameter. In
view of the theoretical difficulty with the case of
rigid rotation, we prefer the model of soft ro-
tation. Whether this prejudice of ours is justified
or not can probably be determined by experiments
in the near future.

We have discussed in this paper on the case of
proton-proton scattering. The ideas and the an-
alysis can clearly be applied to many other two-
body elastic scattering processes. In particular,
recent measurements" show that the A-proton
polarization is larger than the proton-proton po-
larization which might indicate that the matter in-
side a A rotates faster than in the case of a pro-
ton. In this connection, we mention our specu-
lation about a possible connection between the
angular velocity of rotation and the isoscalar mag-
netic moment. '

In conclusion, we reiterate that the measure-
ment of the R parameter at Fermilab or CERN
SPS will be an important test on the validity of
the different pictures of the matter motion inside
a proton, because several distinct theoretical
predictions are now available.
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