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Spin effects in high-energy proton-proton scattering within a diquark model
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We studypp scattering at high energies and moderately large momentum transfer, using a model in which
the proton is viewed as being composed of a quark and a diquark. We show that this model leads to single and
double spin transverse asymmetries which are neither small nor vanish at high energies.
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I. INTRODUCTION

The adequate theoretical description of spin effects
high-energy exclusive processes at moderately large mom
tum transfer is one of the unsolved problems in QCD. As
well known, massless QCD leads to hadronic helicity co
servation and, hence, to zero single-spin asymmetries. M
and higher order perturbative QCD corrections lead to n
vanishing single-spin transverse asymmetries:

AN}mas /A2t. ~1!

A QCD analysis reveals that the mass parameterm appearing
in Eq. ~1! is of the order of the hadron mass@1# and should
not be interpreted as a current quark mass. So, one
expect a substantial single-spin asymmetry for momen
transfer2t of the order of a few GeV2. Actual estimates
within QCD inspired models provide only values of the ord
of a few percent for single-spin asymmetries, indeed m
smaller than the experimental results.

Experimentally, there are many observations of large s
effects at high energies and moderately large momen
transfer@2#. Sizable differences between the cross secti
for different spin orientations of the initial state protons
well as large double-spinANN and single-spinAN transverse
asymmetries have been observed in the BNL experimen@3#
for beam momentapB less than 28 GeV. The Fermilab ex
periment @4# finds values forAN of about 10–20 % atpB
5200 GeV and momentum transfersutu>2 GeV2. This re-
sult is of the same order of magnitude as the BNL asymm
try at pB528 GeV and similar values oft. Combining these
observations with corresponding ones made at small mom
tum transfers@5#, one is lead to the conclusion that sp
effects in high-energy reactions exhibit a weak energy
pendence.

Elastic scattering at high energies and fixed momen
transfer (utu/s small! is customarily believed to be under th
control of thet-channel color-singlet Pomeron~and, eventu-
ally odderon! exchange that has a dominant nonflip couplin
The observed spin effects thus seem to require the exist
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of an additional Pomeron-like exchange in the helicity-fl
amplitudes that has—up to eventual lns factors—the same
energy dependence as the standard Pomeron but is n
phase with it. Within QCD the Pomeron is interpreted as
t channel exchange of gluons with a total charge conjuga
of unity (C511). Present attempts to understand it theore
cally are based on the simple two-gluon picture for this o
ject @6#. It is important to note that in such models th
Pomeron couples to quarks and not directly to the hadro
According to the model@7#, the gluons representing th
Pomeron preferentially interact with the same quark withi
given hadron. As a consequence of this property,
Pomeron effectively couples to the hadron like anC511
isoscalar photon@7# and approximately reproduces the s
lient features of the additive quark model. In the Landsho
Nachtmann~LN! nonperturbative model@8#, the two gluons
representing the Pomeron do not only couple to one and
same constituent. However, neither the LN model@8# nor
that of @7# provides a spin-dependent Pomeron coupling. T
question of gauge invariance for the models@7,8# has been
investigated by Diehl@9#.

In several models high energy spin effects have been
vestigated. Thus, for instance, in@10# the spin-dependen
quark-Pomeron coupling was constructed from a gluon-lo
contribution. It was shown that this quark-Pomeron coupl
leads to fairly large spin asymmetries in diffractive quar
antiquark pair production and exhibits only a weak ene
dependence@11#. In @12# rotating matter inside the proto
was claimed to be the origin of spin effects. The authors
@13# considered the Pomeron interaction with the light qua
antiquark cloud of the proton. While these models prov
spin effects at high energies in fair agreement with exp
ment they suffer from the large number of adjustable para
eters they depend on. Moreover, the applicability of the
models is restricted to small momentum transfer.

Here, in this work, we are interested in spin effects at h
energies and moderately large momentum transfer (3 G2

,utu!s). In view of the polarization physics programs pr
posed for the future proton accelerators@14# this kinematical
region is of topical interest. Our approach is based on
diquark picture@15# where the proton is viewed as bein
composed of a quark and a diquark in the dominant vale
Fock state instead of three quarks. The diquarks represen
effective description of nonperturbative effects; their co
©1999 The American Physical Society19-1
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S. V. GOLOSKOKOV AND P. KROLL PHYSICAL REVIEW D60 014019
posite nature is taken into account by diquark form facto
The diquark picture of the proton simplifies our calculatio
drastically due to the reduced number of constituents.
combination of the quark-diquark picture of the proton a
the hard scattering approach developed by Brodsky and L
age@16# leads to successful descriptions of electromagn
form factors and other exclusive reactions@17,18# at a fairly
large momentum transfer. Spin effects are generated f
spin 1 ~vector! diquarks in that model. The model also pr
vides phase differences between different helicity amplitu
in some cases and can therefore account for single-
asymmetries in principle. Note, that these corrections
non-Pomeron-like because of the phase shift between the
and nonflip contributions. However, even within the diqua
model which is much simpler to handle than the three-qu
picture of the proton, a full hard scattering analysis of elas
proton-proton scattering is beyond feasibility at present~see,
for instance,@19#!. Therefore, in order to simplify and in
regard to the fact that we are not interested in the real h
scattering region for which the diquark model was origina
designed, we use that model in combination with the tw
gluon exchange picture as a representative of the Pome
We calculate the helicity-flip amplitude explicitly in tha
framework while, at the end, the nonflip amplitudes are
scribed by a standard phenomenological Pomeron excha
We note that Ramsey and Sivers@20# also proposed a har
scattering model that produces substantial spin effects.
model is based on quark-exchange and the Landshoff p
contribution@21# to thepp helicity amplitudes.

In Sec. II we begin with a few kinematical preliminarie
A brief description of the diquark model is presented in S
III. The general structure of the various diquark contributio
to elasticpp scattering is discussed in Sec. IV. In Sec. V w
present our numerical results for spin asymmetries in ela
pp scattering and compare them to experimental data. C
cluding remarks are given in Sec. VI.

II. PROTON-PROTON SCATTERING
AT HIGH ENERGIES

The momenta and the Mandelstam variables of ela
proton-proton scattering are defined by

p~p1!1p~p2!→p~p3!1p~p4! ~2!

and

s5~p11p2!2, t5~p12p3!2.

Elasticpp scattering can be described in terms of helic
amplitudes

Tl4l3 ;l2l1
5ū~p4 ,l4!ū~p3 ,l3!T̂~s,t !u~p2 ,l2!u~p1 ,l1!,

~3!

of which only five are independent. In Eq.~3! u denotes the
spinor of a proton with momentumpi and helicityl i . In the
kinematical region of interest the double helicity-flip amp
tudes are believed to be much smaller than the helicity n
flip ones and the two nonflip amplitudes are of equal mag
01401
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tude approximately. These properties hold in most of mod
~see, for instance,@12,13#! and we will assume that they als
hold in our approach. In this situation we can, for conv
nience and without loss of generality, fix the helicities of t
protons 1 and 3 at11/2. Therefore, we have to model
nonflip, F11 , and a flip amplitude,F12 , only. F11 repre-
sents the average of the two nonflip amplitudes. There is
need for antisymmetrization of the amplitudes since
p3↔p4 interchanged contribution is suppressed by inve
powers ofs in the kinematical region of interest (t↔u.s).

In terms of the amplitudesF11 andF12 the differential
cross section is given by

ds

dt
5

1

64ps2
@ uF11u212uF12u2#. ~4!

The single-spin asymmetry reads

AN522
Im@F11F12* #

uF11u212uF12u2
, ~5!

while the double spin transverse asymmetry is given by

ANN52
uF12u2

uF11u212uF12u2
. ~6!

The ANN asymmetry is related to the differential cro
sections in parallel and anti-parallel spin states by

ds~↑↑ !/dt

ds~↑↓ !/dt
5

11ANN

12ANN
. ~7!

In the following we are going to calculate the leadin
contribution to the helicity-flip amplitude within the diquar
model, omitting corrections likem2/t. The nonflip ampli-
tude, on the other hand, is modeled by a phenomenolog
ansatz. As a crossing-even exchange grows}s, the Pomeron
contribution is dominantly imaginary with only a very sma
real part suppressed by 1/s as follows from analyticity@22#.
We will make use of two alternative parametrizations va
for utu larger then 3 GeV2 ~after the dip region of the differ-
ential cross section!. Following, for instance, the authors o
@13#, we parametrizeF11 as an exponential

F11~s,t !5 isb exp~2aAutu!. ~8!

This ansatz is understood as being a consequence of mu
Pomeron exchange~MPE!. Alternatively, we use the param
etrization

F11~s,t !5 is
c

t4
, ~9!

which may be viewed as a phenomenological version of
Landshoff pinch contribution~LP! @21# to pp scattering.
Note, that the model results@13,21# confirm the imaginary of
the amplitudes~8,9!. In our numerical estimations we sha
use the MPE fit forb545.967 GeV22,a53.745 GeV21, and
9-2
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SPIN EFFECTS IN HIGH-ENERGY PROTON-PROTON . . . PHYSICAL REVIEW D 60 014019
the LP fit for c56.284 GeV6. Both the parametrizations
Eqs.~8! and~9!, describe rather well thepp differential cross
section data at CERN Intersecting Storage Rings~ISR! ener-
gies @23#. An eventual residual energy dependence of
experimental data~perhaps of lns type! will be ignored here.
It is irrelevant for our purpose of investigating spin effect

III. THE DIQUARK MODEL

As we said in the introduction we will make use of th
diquark model of the proton advocated in@15,17,18#. Here
we give a brief description of that model. In the hard sc
tering approach proposed by Brodsky and Lepage@16# the
processpp→pp is expressed by a convolution of distribu
tion amplitudes~DA! with hard-scattering amplitudes calcu
lated in collinear approximation within perturbative QCD.
a collinear situation in which intrinsic transverse mome
are neglected and all constituents of a hadron have mom
parallel to each other and parallel to the momentum of
parent hadron, one may write the valence Fock state of
proton in a covariant fashion~omitting color indices for con-
venience!:

up,l:qS;qV,a&5 f SwS~x1!BSu~p,l!1 f VwV~x1!

3BV~ga1pa/m!g5u~p,l!/A3.

~10!

The Lorentz indexa represents the polarization state of t
vector diquark. The two terms in Eq.~10! represent configu-
rations consisting of a quark and either a spin-isospin z
~S! or a spin-isospin one~V! diquark, respectively. The cou
plings of the diquark with the quarks in a proton lead to t
flavor functions

BS5uS[u,d] , BV5@uV$u,d%2A2d V$u,u%#/A3, ~11!

where the subscripts indicate the flavor content of the
quarks (S,V) in either antisymmetric or symmetric combin
tions. The DAwS(V)(x1), wherex1 is the momentum fraction
carried by the quark, represents the light-cone wave func
integrated over transverse momentum and is defined in s
way that

FIG. 1. Structure of the spin-nonflip proton vertex.

FIG. 2. Feynman graphs containing the 3-point diquark funct
~without 3-gluon coupling!.
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dx1wS,(V)~x1!51. ~12!

The constantf S(V) acts as the value of the configuratio
space wave function at the origin.

The amplitudeF12 will be calculated in the spirit of the
hard scattering approach@16# where the quarks and diquark
are connected by the minimal number of gluons, i.e.,
three. Disconnected Feynman graphs are suppressed i
kinematical region of interest@16#. We also will employ sev-
eral kinematical simplifications since we only consider t
region m2!utu!s. Color neutralization requires th
t-channel exchange of two gluons. The third one is e
changed within one of the proton-proton vertices. Insofar
model for the flip amplitude bears resemblance to
Landshoff-Nachtmann@8# two-gluon model of the Pomeron
In contrast to @7# which refers to the standard nonfli
Pomeron at small2t, in our approach the two gluons ex
changed between the two proton-proton vertices do not o
couple to one and the same constituent. This is not a con
diction since we are interested in a helicity flip amplitude
high energies and moderately large momentum transfer.
helicity flip amplitude can be expressed as a product o
helicity nonflip~HNF! vertex and flip~HF! vertex. The struc-
ture of the HNF vertex is shown in Fig. 1. For this vertex w
only consider scalar diquarks in order to keep the mo
simple. The graphs contributing to the product of the HN
vertex and the HF vertex are shown in Figs. 2–5. To the
vertex only vector diquarks contribute since, obviously, fro
scalar diquarks a helicity flip cannot be generated. T
graphs shown in Figs. 2 and 3 contain 3-point diquark ver
functions while those shown in Figs. 4~three-gluon interac-
tions! and 5 ~without three-gluon interactions! contain
4-point functions. In principle there is also a graph with
quartic gluon coupling. However, its contribution is su
pressed at larges. It has been shown in@19# that this set of
graphs leads to gauge-invariant scattering amplitudes.
n-point functions, indicated by blobs in Figs. 2–5, are giv
by a product of the relevant graphs for pointlike diquar
~see, for instance, Fig. 6! and appropriate phenomenologic
diquark form factors. These form factors take into acco

n

FIG. 3. Feynman graphs containing the 3-point diquark funct
~with 3-gluon coupling!.

FIG. 4. Feynman graphs containing the 4-point diquark funct
~with 3-gluon coupling!.
9-3
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S. V. GOLOSKOKOV AND P. KROLL PHYSICAL REVIEW D60 014019
the composite nature of the diquarks. Since the 5-point fu
tions provide only small corrections to the final results
omit them in our analysis.

The perturbative part of the diquark model, i.e., the co
pling of gluons to diquarks follows standard prescriptio
~for notations refer to@18#!

SgS: igst i j
a ~p11p2!m

VgV:2 igst i j
a $gab~p11p2!m2gma@~11k!p12kp2#b

2gmb@~11k!p22kp1#a%, ~13!

wheregs5A4pas is the QCD coupling constant.k is the
anomalous magnetic moment of the vector diquark andta

5la/2 the Gell-Mann color matrix. The couplingsDgD are
supplemented by appropriate contact terms required
gauge invariance, e.g.,

gSgS:2 igs
2$t ,

atb% i j gmn . ~14!

The phenomenological diquark form factors are tak
from @15,17#

FS
(3)~Q2!5

QS
2

QS
21Q2

; FV
(3)~Q2!5S QV

2

QV
21Q2D 2

; ~15!

FS
(4)~Q2!5aSFS

(3)~Q2!; FV
(4)~Q2!5aVS QV

2

QV
21Q2D 3

.

~16!

The constantsaS andaV are strength parameters introduc
in order to take care of diquark excitation and break
These parametrizations are constrained by the requirem
that asymptotically the diquark models evolves into the st
dard Brodsky-Lepage hard scattering model@16#.

IV. THE STRUCTURE OF THE MODEL AMPLITUDE

According to our discussion in Sec. III the helicity fli
amplitude can be expressed as a product of the helicity n
flip vertex to which only scalar diquarks contribute and t
flip vertex that, in our model, is controlled by vector d
quarks:

FIG. 5. Feynman graphs containing the 4-point diquark funct
~without 3-gluon coupling!.
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F12~s,t !5sA2t
~4p!3

3t2
f S

2f V
2E da1db1

fS~a1!fS~b1!

a1a2b1b2

3as~2a1b1t !as~2a2b2t !FS
(3)~2a2b2t !

3E dx1dy1fV~x1!fV~y1!(
i

Ci Âi , ~17!

a1 and b1 denote the fractions of the baryon momentu
carried by the quarks in the initial and final baryons enter
the HNF vertex, respectively.a2512a1 and b2512b1
are the momentum fractions the diquarks car
x1 ,(x2),y1(y2) are the analogue quantities for the HF verte
Ci is the color factor. To facilitate the discussion we sp
F12 into contributions from various groups of Feynma
graphs. TheÂi are written as a contraction of the two tenso
representing the HNF and HF vertices,

Âi5Hmn
n. f .

•H f i
mn . ~18!

The HNF vertex tensor has the simple form

Hmn
n. f .5ū~p31 !@gn~p11p3!m1gm~p11p3!n#u~p1 ,1 !.

~19!

The HF vertex tensors are to be calculated from the Feynm
graphs shown in Figs. 2–6. They contain a factor ofas with
an appropriate argument~representing the virtuality of the
internal gluon! and the vector diquark form factor besides t
characteristics of the relevant Feynman graphs. We ref
from quoting theH f i

m explicitly but discuss the functions th

functionsÂi directly.
Figure 2a includes a propagator~marked by a cross!

whose denominator contains a term proportional tos. Ne-
glecting in this denominator terms proportional tot andm2

in accordance with the conditionm2,utu!s, we have

Â(2a)5â(2a)~a1 ,b1!F 1

sy1~a12b1!1 i e

1
1

2sy1~a12b1!1 i eG
52

2ip

sy1
â(2a)~a1 ,a1!d~a12b1!, ~20!

where the regular functionâ2a(a1 ,a1) is given in Table I.
The contribution from Fig. 2b is given byÂ(2a)(x1 ,y1)
5Â(2b)(y1 ,x1). There is a group of graphs in which the larg
variable s appears in two propagators denominatorsi
52c,3a,3b,4a,4b):

n

FIG. 6. Structure of the 4-point diquark function.
9-4
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TABLE I. Color factors and of the functionsdi j , f i j andâi at b15a1 for sample graphs~for definitions see text!. The contribution from
graphs 4a and 5a is actually given for subgraph 6a.

Figure Ci

2a
8

27
â(2a)52

2s2y1as~2x2y2t!a2@2~x21y2!2k~3x122y2!#

tmx2y2
FV

(3)~2x2y2t!

3a
i

3

â(3a)5
22s2as~2x2y2t!a2

mx2y2
@2~x21y2!~2y1

22y1a222x1y112x1a21a1
221!2k~5x1

214y1
3210y1

2110y125x1
2y113x1y1

2

2423x1y114a1
225x1

2a122x1a1
212x1a116y1

2a122y1a1
224y1a11x1y1a1)]FV

(3)~2x2y2t !

d(3a)15(a12x2)(a12y2)t1(x22y2)2m2

d(3a)252(a12y2)a2t1y1
2m2, f (3a)15x22y2 , f (3a)25y1

4a
i

3
â(4a)5

s2tas~2x2y2t!a2k~a12y1!~y12x1!

mx1y1mV
2

@2y2a114x2a21k~3y1a12y126a1
218a115x1a12425x1!#FV

(4)~2x2y2t!

d(4a)15(a12x1)(a12y1)t1(x12y1)2m2

d(4a)252(a12y1)a2t1y2
2m2, f (4a)15x12y1 , f (4a)25y2

5a
8

27
â(5a)5

2s2t2as~2x2y2t!a1a2k~y22a1!
2

mmV
2

@y2a212x2a12k~a11y2a223x2a114a1
2!#FV

(4)~2x2y2t!

d(5a)15(a12y2)a1t1y2
2m2, d(5a)35(a12x2)(a12y2)t1(x22y2)2m2

d(5a)25(y22a1)a2t1y1
2m2, f (5a)152y2 , f (5a)25y1 , f (5a)35x22y2
s

-

e

ti

l

-

ex
f

r
ary
Âi5âi~a1 ,b1!
1

s~a12b1! f i11di11 i e1

3
1

s~a12b1! f i21di21 i e2
, ~21!

where f i j and di j are functions of the momentum fraction
a1 ,b1 ,x1 ,y1. Moreover, thedi j depend ont and m2 too.
Obviously, these terms in thedi j have to be kept now, oth
erwise the integrals in Eq.~17! would not exist.Âi can easily
be integrated overb1 by using partial fractioning and th
standard formula

1

z1 i e
5P

1

z
2 ipd~z!, ~22!

whereP denotes the principal value integral. In the kinema
cal region of interest, namelym2,utu!s, the principal value
part can be shown to be suppressed by 1/s as compared to
the d function part. Thed function provides the condition
b15a11O(1/s) in this case. Hence, to leading order ins,
we approximate Eq.~21! by

Âi.2
ip

s
âi~a1 ,a1!d~b12a1!

3F signum~ f i1!

di2f i12di1f i21 i e signum~ f i1!

2
signum~ f i2!

di2f i12di1f i22 i e signum~ f i2!G . ~23!
01401
-

Representative examples of the functionsdi j and f i j as well
as of theâi are quoted in Table I.

The other integrations appearing in Eq.~17! have to be
done numerically using Eq.~22! again. Since in genera
signum(f i1) is not equal to signum(f i2) theÂi have both real
and imaginary parts. An exception is Fig. 2c wheref (2c)1
5x1 and f (2c)25y1. In this case the two principal value in
tegrals cancel and the leading contribution toÂ2c therefore it
simplifies to

Â(2c).2
2p2

s
â(2c)~a1 ,a1!d~a12b1!

3d~d(2c)2f (2c)12d(2c)1f (2c)2!. ~24!

With the help of this newd function a second integration in
Eq. ~17! can be immediately carried out.

Figures 5a and 5b, comprising 4-point diquark vert
functions, haves in three propagators. The contribution o
these graphs can be written in the form

Âi5âi~a1 ,b1!)
j 51

3
1

s~a12b1! f i j 1di j 1 i e j
. ~25!

As an example we quote the functionsâ5a for Fig. 5a to-
gether with thed(5a) j and f (5a) j in the table. To leading orde
in s these contributions are also dominated by the imagin
parts of the propagator poles at2di j /(s fi j ). Up to correc-
tions of order 1/s this again impliesb15a1. Thus, we find
for i 55a,5b
9-5
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Âi.2
ip

s
âi~a1 ,a1!d~a12b1!

3F signum~ f i1!

di2f i12di1f i21 i signum~ f i1!e2

3
1

di3f i12di1f i31 i signum~ f i1!e3
1~1,2,3! cyclicG .

~26!

How to proceed from here should be obvious.
Finally let us discuss Fig. 3c. A pole only appears in t

s-channel propagator andÂ(3c) is of the form

Â(3c)5â(3c)

1

s~a12b1!~y12x1!1d(3c)1 i e
. ~27!

It can be shown that the leading log contribution from th
graph to the integral overy1 ,b1 in Eq. ~17! is dominated by
the region neara15b1 andy15x1:

E
0

1

dy1E
0

1

db1

F~s,t,b1 ,y, . . . !

s~a12b1!~y12x1!1d(3c)1 i e

;F~s,t,b15a1 ,y15x1 . . . !I ~s!, ~28!

whereF absorbs all terms appearing in Eq.~17! including
â(3c) and

I ~s!5E
0

1

dy1E
0

1

db1

1

s~a12b1!~y12x1!1d(3c)1 i e
.

~29!

Approximately this integral is given by

FIG. 7. t dependence of theF12 amplitude ats5100 GeV2,
solid line-imaginary part; dot-dashed line-real part.
01401
I ~s!;E
21/2

1/2

duE
21/2

1/2

dv
1

suv1d(3c)1 i e
1O~1/s!

5
2

s FdilogS 2s

4d(3c)
D2dilogS s

4d(3c)
D G;2

2ip

s
ln s.

~30!

Note, that â(3c)}s2 as the contributions from the othe
graphs~see the table!. Thus, the dominant contribution from
Fig. 3c is

~F12!(3c)
LL } is ln~s! f ~ t !. ~31!

We calculate numerically in Eq.~28! not only the leading
sln s term but also the nonlogarithmic contribution whic
behave likes.

V. NUMERICAL RESULTS FOR SPIN-DEPENDENT
pp SCATTERING

In our numerical studies of proton-proton scattering
use the following form of the scalar and vector diquark D

wS~x1!5NSx1x2
3 exp@2b2~mq

2/x11mS
2/x2!#,

wV~x1!5NVx1x2
3~115.8x1212.5x1

2!

3exp@2b2~mq
2/x11mV

2/x2!# ~32!

and the set of parameters

f S573.85 MeV, QS
253.22 GeV2, aS50.15,

~33!

f V5127.7 MeV, QV
251.50 GeV2, aV50.05,

k51.39

as proposed in@17,18#. The values of the masses in the e
ponentials are taken as 330 MeV~for the quarks! and
580 MeV ~for the diquarks!. The transverse size parameterb
is taken to be 0.498 GeV21. The normalization constantsNS
andNV have the values 25.97 and 22.29, respectively. As
mentioned in the preceding section theb1 integration is
trivial. The other three integrations over the hard amplitu
and the proton DAs are carried out numerically. Since
neglect 1/s corrections throughout we find an energy ind
pendent ratio of the helicity flip and nonflip amplitudes.

Let us discuss the role of the contributions from the in
vidual graphs briefly. The contributions from Figs. 2a and
to F12 are purely imaginary. Thus, although these contrib
tions lead to helicity flips they do not produce a phase d
ference between theF12 andF11 and, hence, do not con
tribute to the single spin asymmetry. Figure 2c yields a r
contribution that is quite small, about a few percent of
F12 at utu<10 GeV2. The contributions to the real part o
F12 provided by Figs. 3a and 3b though substantial
compensated by the contribution from Fig. 3c to a large
tent. The contributions of Figs. 4a, 4b, 5a and 5b, to the r
part of F12 are very small as the numerical evaluation r
9-6
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veals. Their imaginary parts, however, are not small as is
from Fig. 3c. These imaginary contributions play an imp
tant role for the double spin asymmetry parameterANN .

The results of our calculations for the helicity flips amp
tudeF12 are shown in Fig. 7 fors5100 GeV2. As can be
seen from that figure the imaginary part ofF12 is much
larger than its real part. The real part ofF12 changes sign a
utu;3.5 GeV2. The absolute value of the ratio of helicity fli
and nonflip amplitudes is fairly largeuF12u/uF12u;0.2
20.3 at utu>3 GeV2 indicating the substantial amount o
helicity flips generated through the vector diquarks in o
model.

The interference of the real part ofF12 with the purely
imaginary ansatz for the amplitudeF11 yields the single-
spin asymmetryAN ~5!. Our prediction for AN at s
5100 GeV2 and for utu>3 GeV2 is shown in Fig. 8 and
compared to the only available experimental data in that
gion ~at s5370 GeV2) @4#. The quality of the present data
poor and prevents any severe test of our predictions.
predicted asymmetry amounts to about 20–30 % forutu
.6 GeV2; it is of the same order of magnitude as has be
observed in the low-energy BNL experiment@3#. The de-
crease of the asymmetry at smaller momentum transfe
connected with the smallness of ReF12 nearutu53 GeV2.

The predictions for the double spin asymmetryANN are
shown in Fig. 9.ANN turns out to be of the order of 10–20 %
Our results for the spin asymmetries are rather close to th
obtained in@13,24# although the latter are valid in the mo
mentum transfer region 2 GeV2,utu,4 GeV2. The spin ob-
servables obtained within the model are essentially indep
dent on the parametrizations~8,9! used for the nonflip
amplitudeF11 .

VI. SUMMARY

On the basis of the diquark model we have calculated s
effects in high-energy proton-proton scattering at modera
large momentum transfer. The two-gluon graphs for
color-singlet t-channel exchange have been considered
the helicity flip amplitude while for the helicity nonflip am

FIG. 8. Model predictions for single-spin asymmetry ats
5100 GeV2 @solid line for the MPE model~8!; dashed line for the
LP model~9!#.
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plitude a phenomenological parametrization is used. It
scribes qualitatively the differential cross section of the el
tic pp scattering. TheF12 amplitude is calculated under th
assumption that thet-channel gluons couple to one constit
ent, quark or diquark, each in the helicity nonflip vertex.
the helicity flip amplitude we include the perturbativeas
correction. Hence, we consider minimally connected gra
which allow us to keep all constituents collinear. In o
model the helicity flips are generated by vector diquarks
turns out that the flip amplitudeF12 is of substantial mag-
nitude and not in phase with the nonflip contribution.

Our model, therefore, provides a single-spin asymme
that is rather large for momentum transferutu>3 GeV2. The
double spin transverse asymmetry in this kinematical reg
are rather large in our model. The important feature of
spin effects obtained in our model is their weak energy
pendence. On the other hand, they decrease with increa
momentum transfer. Our results are valid at larges and mod-
erately large momentum transfer (.few GeV2). This kine-
matical region can be investigated for instance in the p
posed DESY HERA-NW experiment@25#.

Finally we want to stress that our predictions forAN
should not be taken literally since phase differences are h
to calculate; they depend on many subtle details which
not well under control in a model. The diquark model o
which our model is based was designed for a different ki
matical region. In so far, a failure of our prediction forAN
would not necessarily imply a failure of the diquark model
general but would rather indicate that the phase differen
are not well under control and/or that the diquark mode
applied beyond its range of applicability.
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FIG. 9. Model predictions for double-spin asymmetry
s5100 GeV2 @solid line for the MPE model~8!; dashed line for LP
model ~9!#.
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