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1 Introduction 

The adequate theoretical description of spin effects in high-energy exclusive processes 

at moderately large momentum transfer is one of the unsolved problems in QCD. As is 

well known, massless QCD, leads to hadronic .helicity conservation and, hence, to zero 

single-spin asymmetries. Mass and higher order perturbative QCD corrections lead to a 

non-vanishing single-spin transverse asymmetries: 

AN ex: ma,/H. (1) 

A QCD analysis reveals that the mass parameter m appearing in (1) is of order of the 

hadron mass [1] and should not be interpreted as a current quark mass. So, one may 

expect a substantial single-spin asymmetry for momentum transfer, -t, of the order of a 

few GeV2
• Actual estimates within QCD inspired models provide only values of the order 

of a few per cents for single-spin asymmetries, indeed much smaller than the experimental 

results. 

Experimentally, there are many observations of large spin effects at high energies and 

moderately large momentum transfer [2]. Sizeable differences between the cross sections 

for different spin orientations of the initial state protons as well as large double-spin, ANN, 

and single-spin, AN, transverse asymmetries have been observed in the BNL experiment 

[3] for beam momenta PB less than 28 GeV. The FNAL experiment [4] finds values for 

AN of about 10-20% at PB = 200 GeV and momentum transfers !ti ~ 2 GeV2 • This 

result is of the same order of magnitude than the BNL asymmetry at PB = 28 GeV 

and similar values of t. Combining these observations with corresponding ones made at 

small momentum transfer [5], one is lead to the conclusion that spin effects in high-energy 

reactions exhibit a weak energy dependence. 

Elastic scattering at high energies and fixed momentum transfer ( /ti/., small) is custom­

arily believed to be under control of the t-channel colour-singlet Pomeron ( and, 1cventually 

Odderon) exchange that has a dominant non-flip coupling. The observed spin effects thus 

seem to require the existence of an additional Pomeron-like exchange in the helicity-flip 

amplitudes that has - up to eventual In .s factors - the same energy dependence as the 

standard Pomeron but is not in phase with it. Within QCD the Pomeron is interpreted 

as t channel exchange of gluons with total charge conjugation of unity ( C = +I). Present 

attempts to understand it theoretically are based on the simple two-gluon picture for this 

object [6]. It is important to note that in such models the Pomeron couples to quarks and 

not directly to the hadrons. According to [i], the two gluons representing the Pomeron 

preferentially interact with the same quark within a given hadron. As a consequence of 
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this property, the Pomeron effectively couples to the hadron like an C = +1 isoscalar 

photon [7, 8] and approximately reproduces the salient features of the additive quark 

model. However, neither the non-perturbative two-gluon model [8] nor the BFKL model 

[9] provides a spin-dependent Pomeron coupling. The question of gauge invariance for the 

Landshoff-Nachtmann Pomeron [8] has been investigated by Diehl [10]. 

In several models high energy spin effects have been investigated. Thus, for instance, . 
in [11] the spin-dependent quark-Pomeron coupling was constructed from a gluon-loop 

contribution. It was shown that this quark-Pomeron coupling leads to fairly large spin 

asymmetries in diffractive quark-antiquark pair production and exhibits only a weak en­

ergy dependence [12]. In [13) rotating matter inside the proton was claimed to be the 

origin of spin effects. The authors of [14] considered the Pomeron interaction with the 

light quark-antiquark cloud of the proton. While these models provide spin effects at high 

energies in fair agreement with experiment they suffer from the large number of adjustable 

parameters they depend on. Moreover, the applicability of these models is restricted to 

small momentum transfer. 

Here, in this work, we are interested in spin effects at high energies and moderately 

large momentum transfer (3 GeV2 < It/ << s). In view of the polarization physics 

programs proposed for the future proton accelerators [15] this kinematical region is of 

topical interest. Our approach is based on the diquark picture [16) where the proton 

is viewed as being composed of a quark and a diquark in the dominant valence Fock 

state instead of three quarks. The diquarks represent an effective· description of non­

perturbative effects; their composite nature is taken into account by diquatk form factors. 

The di quark picture of the proton simplifies our calculations drastically due to the reduced 

number of constituents. The combination of the quark-diquark picture of the proton and 

the hard scattering approach developed by Brodsky and Lepage [17) leads to successful 

descriptions of electromagnetic form factors and other exclusive reactions [18, 19] at fairly 

large momentum transfer. Spin effects are generated from spin 1 (vector) di quarks in that 

model. The model also provides phase differences between different helicity amplitudes in 

some cases and can therefore account for single-spin asymmetries in principle. However, 

even within the diquark model which is much simpler to handle than the three-quark 

picture of the proton, a full hard scattering analysis of elastic proton-proton scattering is 

beyond feasibility at present (see, for instance, [20]). Therefore, in order to simplify and 

in regard to the fact that we are not interested in the real hard scattering region for which 

the diquark model was originally designed, we use that model in combination with the 

two-gluon exchange picture as a representative of the Pomeron. We calculate the helicity­

flip amplitude explicitly in that framework while, at the end, the non-flip amplitudes are 
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described by a standard phenomenological Pomeron exchange. We note that Ramsey and 

Sivers [21] also proposed a hard scattering model that produces substantial spin effects. 

This model is based on quark-exchange and the Landshoff pinch contribution [22] to the 

pp helicity amplitudes. 

In Sect. 2 we begin with a few kinematical preliminaries. A brief description of the 

diquark model is presented in Sect. 3. The general structure of the various di quark contri­

butions to elastic pp scattering is discussed in Sect. 4. In Sect .. 5 we present our numerical 

results for spin asymmetries in elastic pp scattering and compare them to experimental 

data. Concluding remarks are given in Sect. 6. 

2 Proton-proton scattering at high energies 

The momenta and the Mandelstam variables of elastic proton-proton scattering are de­

fined by 

p(p1 ) + p(p2) ➔ p(p3) + p(p4) (2) 

and 

s =(pi+ P2)2, t = (P1 - p3)2 . . 

Elastic pp scattering can be described in terms of helicity amplitudes 

T:,4 >.3 ;>.2>" = u(p4, >.4)u(p3, >.3)T(s, t)u(p2, >-2)u(p1, >-1 ). (3) 

of which only five are independent. In (3) u denotes the spinor of a proton with momentum 

p; and helicity >.;. In the kinematical region of interest the double helicity-flip amplitudes 

are believed to be much smaller than the helicity non-flip ones and the two non-flip 

amplitudes are of equal magnitude approximately. These properties hold in most of 

models (see, for instance, [13, 14]) and we will assume that they also hold in our approach. 

Therefore, we have to calculate or to model a non-flip and a flip amplitude only. In this 

situation we can, for convenience and without loss of generality, fix the helicities of the 

protons 1 and 3 at + lf2. The covariant structure of (3) then simplifies to 

T>.,+;>-2+ u(p4, A4)u(p3, + )T(s, t)u(p2, >-2)u(P1, +) 

u(p4, >.4)[sA( t, s) + Pt B( t, s )]u(p2, >.2 ) (4) 

The invariant function A is related to the helicity flip amplitude while B controls the 

non-flip amplitude up to a small correction of order m 2 ft (m being the proton mass) from 

A which we omit in our approach throughout. There is no need for antisymmetrization 
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of the amplitudes since the p3 f-t p4 interchanged contribution is suppressed by inverse 

pow<'rs of s in the ki1wmatical region of interest ( I f-t 11 '.::::'. s ). 

In terms of the invariant functions .4 and B the differential cross sections is gi,·en by 

da = ___ I_IBl2-
dt 6411 

The single-spin asymllll'try reads 

4 
. r-;-Im[BA*] 

. X = -2v -flBf 

whilP the doubl<' spin transverse asymmetry is give11 by 

IAl2 
.\N}y = -21 IBl2" 

(-'i) 

(6) 

(i) 

Tlw ANN asymmetry is relat.t-d to the differential cross-sections in parallel and a11t i-paralkl 

spin st.ates by 
da(tt)fdt 
da(t.J.)fdt 

1 + ANN 

I -ANN 
(S) 

In the following W<' arl' going to calculate the leading contribution to the inrnrian! 

function A within the di quark model, omit.ting correct.ions like 111 2 ft. Thl' invariant func­

tion B, on the ot.lwr hand, is modelled by a phenomenological Po111l'ron. \Ye will make use 

of two alternativP parametrizations valid for itl larger then 3 GP\'2 (after t hl' dip region of 

the differential cross section): Following, for instance, the authors of [1:1]. ,,·<· paranwt riz<' 

lJ as an expo1wntial 

B(s,t) = isbexp(-aJftl). (9) 

This ansatz is understood as being a consequence of multiple ponwron exchang<' (:-.!PE). 

Alternatively, we use the paramctriiation 

C 
B(s, t) = isti. (JO) 

which may be viewed as a phenomenological version of thP Landshoff pinch contribution 

( LP) [22] to pp scattering. In our numerical estimations WP shall USP t II(' M PE fit for 

b = '15.967 G<·V-2
, a = 3. 745 GcV-1 and the LP fit for c = 6.2~M G<·V". Both t lw 

parametrizations, (9) and (IO), d<'scribP rat.her wdl I.he pp differential cross s<·ct ion data 

at !SR cnprgies [2:l]. An eventual n·sidual Plll'rgy dqie11dei1cP of thP expl'rime11tal data 

(JH'rhaps of In .s typ") will be ignored hl'l"f'. It. is irrelevant for our purpos<' of i1m·st igat ing 

spin <'ff Pcts. 
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3 The diquark model 

As we said in the introduction we will make use of the diquark model of tlw proton ad­

vocated for in [16, 18. 19]. Here W<' give a brief description of that model. 111 the hard 

scattering approach proposed by Brodsky and Lepage [I 7] the process pp --+ p J> is <'X­

presse<l by a convolution of distribution amplitudes (DA) with h,ml-scattering amplitudes 

calculated in collinear approximation within perturhativc QCD. 111 a rnllinPar situation 

in which intrinsic transverse momenta arc neglected and all constittw11ts of a hadron ha\·p 

momenta parallel to each other and parallel to the momentum of th<' pa.rent hadron, om· 

may write the valence Fock state of the proton in a covariant fashion ( omitting colour 

indices for convenience) 

IP, -X) = f.s <.ps(xi) Bs u(p, -X) + fv <.pv(xi) Bv(f' + p" /mhs u(p, -X)/..fi. (I l) 

The two terms in ( 11) represent configurations consisting of a quark and either a spin­

isospin zero (.5') or a spin-isospin one (V) diquark, respectively. The couplings of the 

diquark with the quarks in a proton lead to the flavour functions 

Bs = u S[u,dl ' Bv = [uV{u,d} - vf2dV{u,u}]/.,/i. (12) 

The DA '-PS(V)(xi), where .r 1 is the momentum fraction carried by the quark, represents 

the light-cone wave function integrated over transverse momentum and is defined in such 

way that 

la' dx1 '-PS.(V)(xi) = l . (13) 

The constant f s(V) acts as the value of the configuration space wave function at the origin. 

The invariant function A will be calculated in the spirit of the hard scattering approach 

[17] where the quarks and diquarks are connected by the minimal number of gluons, i.e. 

by three. We also will employ several kinematical simplifications since we only consider 

the region m 2 << !ti << .s. Colour neutralization requires the t-channel t)xchange of 

two gluons. The third one is exchanged within one of the proton-proton vertices. Iu 

so far our model for the flip amplitude bears resemblance to the Landshoff-Nachtmarm 

[8] two-gluon model of the Pomeron. The helicity-flip amplitude can be expressed as a 

product of a helicity non-flip vertex (HNF) and flip vertex (HF). The structure of the 

HNF vertex is shown in Fig. 1. For this vertex we only consider scalar diquarks in order 

to keep the model simple. The graphs contributing to the product of the HNF and the 

IIF are shown in Figs. 2--,5. To the HF vertex only vector diquarks contribute since, 

obviously, from scalar diquarks a helicity flip cannot be generated. The graphs shown in 
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Fig.I Structure of the spin-non-flip proton vertex. 

~&~ 
Fig.2 Feynman graphs containing the 3-point diquark function (without 3-gluon 

coupling). 

±~~ 
Fig.3. Feynman graphs containing the 3-point diquark function (with 3-gluon coupling). 

~Jt 
.a 

Fig.4 Feynman graphs containing the 4-point diquark function (with 3-gluon coupling). 

I!; ~ 
Fig.5 Feynman graphs containing the 4-point diquark function (without 3-gluon 

coupling). 

~==el .:=h.± 
Fig.6 Structure of the 4-point diquark function. 
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Figs. 2 and 3 contain 3-point diquark vertex functions while those shown in Figs. 4 ( three­

gluon interactions) and 5 (without three-gluon interactions) contain 4-point functions. In 

principle there is also a graph with a quartic gluon coupling. However, its contribution 

is suppressed at large s. It has been shown in [20] that this set of graphs leads to gauge­

invariant scattering amplitudes. The n-point functions, indicated by blobs in Fips. 2- 5, 

are given by a product of the relevant graphs for point-like diquarks (see, for instance, 

Fig. 6) and appropriate phenomenological diquark form factors. These form factors take 

into account the composite nature of the diquarks. Since the 5-point functions providP 

only small corrections to the final results we omit them in our analysis. 

The perturbative part of the diquark model, i.e. the coupling of gluons to diquarks 

follows standard prescriptions (for notations refer to [19]) 

SgS : i g,t'ti (P1 + P2)µ. 

VgV: -ig,iij {9a/l(P1 + P2)µ. - 9µ.a [(1 + K)P1 - Kp2]/l -gµ./l [(! + K)P2 - Kpi]J}4) 

where g, = ,J47ra. is the QCD coupling constant. K is the anomalous magnetic moment 

of the vector diquark and t• = >.• /2 the Gell-Mann colour matrix. The couplings DgD 

are supplemented by appropriate contact terms required by .gauge invariance, e.g. 

gSgS : -i g;{ t~l};i gµ.v (1.5) 

The phenomenological diquark form factors are taken from [16, 18] 

Q} . 
Fi3l(Q2) = Q'l,, + Q2' Ft

3
)(Q

2
) = (QiQ: Q2 r (16) 

Ft\Q2) == asFi
3
\Q2); Ft4)(Q2) = av ( Q}Q: Q.2) 

3 

(17) 

The constants as and av are strength parameters introduced in order to take care of 

diquark excitation and break-up. These parametrizations are constrained by the require­

ment that asymptotically the diquark models evolves into the standard Brodsky-Lepage 

hard scattering model [17]. 

4 The structure of the model amplitude 

According to our discussion in Sect. 3 the invariant function A can be expressed as a 

product of the helicity non-flip vertex to which only scalar diquarks contribute and the 

flip vertex that, in our model, is controlled by vector diquarks: 

( 4rr )3 2 2 
A(s,t) = 3t2 fsfv 
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J; 

\ 

;, 

I <;>s(oi)c;,s(Ji) , +i) 
x do1d:J1 .. • o.,(-n1ri1l)n.(-02ri21)I- 5 (-02J2/) 

. 0102J1112 

x / d.r1 r/_y 1d>v(.ri)ov(yi) L C;.1; ( I 8) 
! 

n I and /Ji cknolP tlw fractions of thP baryon momentum carried by the quarks in the initial 

and final baryons entc·ring tlw HNF-vertex. respectively. n2 = 1 - o 1 and 32 = I - 31 are 

t lw momentum fractions the diquarks carry.• .r 1, (,r 2 ). y1 (y2) are the analogue quantities 

for the HF-vertex. C'; is thP color factor. To facilitate the discussion we split _.\ into 

cont rihut ions from various groups of Feynman graphs. The ,1; are written as a contraction 

oft lw t.wo trnsors rt>presPnt.ing the IINF and HF vertices 

,1 = 1!"·1· · W'' 
• 1 JU/ ft .Wll 

Tlw !INF lPnsor has the simple: form 

11;:.f = 11(11,i+ lh,,(111 + 11,il,, + ,,,(P1 + p3),,Ju(p1. + l (20) 

The IIF tensors a.re lo lw calculated from the Feynman graphs shown in Figs. 2-G. The~· 

contain a factor of o., with an appropriate argun]('nt (rPprespnting the virt uality oft he in­

ternal gluon) and the• wctor diquark form factor besides the charactPristics of the rclP,·a11t 

Feynman graphs. \Ve refrain from quoting t.lw H1; explicitly but discuss tlw functions ti](' 

functions ,4; directly. 

The graph 2a includes a propagator (markPd by a cross) whose denominator contains 

a term proporti91rnl to .s. Neglecting in this dPnominator terms proportion al t.o I and m 2 

in accordance with the condition m 2
, Iii« .s, we have 

· [ I I ] A(2,,) = (1(2n)(n1,,Bi) . + . 
sy1(n1-i-J1)+1f -,,y1(n1-d1)+1t 

•)irr 
- _.:::._il(2a)(n1,01)8(01 -,B1)­

SY1 
(2l) 

where tJ](' regular function a2.(o1,oi) is given in Tab. I. ThP rnntribut.ion from graph 2h 

is given by A(2a)(,r1,yi) = A.(2b)(Y1,.ri). There is a group of graphs in which the large 

variables appears in two propagators denominators (i = 2c.:la.:lb .. ta.•1b): 

• I 
A; = ii.;( n 1, #1) )f l · ( , ) f / · . ,s( n1 - /-J1 ii + < ii + 1 t I •' 0 I - />1 . ;2 + f i2 + 1 f 2 

(22) 

wht'r<' .fo and d;_i arc functions of the momentum fract.iotrn n_1, ;-J1 .. r 1. y1. l\lorcm·cr. the d;., 

depend on t and 111
2 too. Obviously, these krms in the dij have to lw kept now. Ot !lt'rwisc 

the integrals in ( IS) would not. exist.. :1; can easily be integrated over r/1 by using partial 

fractioning and t.lw standard formula 

_I I 
:: + i, = P-:; - irro(::) (2:1) 
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Graph C; 

2a 8 Ct(20) = 2 s2 y1 a,(-x2y2t)a2[2(x2+Y2 )-1<(3.q -2y2 )J F~3) ( -X f) 
27 tmx2 y2 \ 2Y2 

3q i_ • -2s2a.(-x,y2t)a2[2( + )(2 2 2 +? + 2 J) 
3 a(3•) = ,:;.x,y, X2 Y2 y1 - y,a2 - x,y, ~x, 02 o- 1 -

-l\:(,5xf + 4yf - lOyi + lOy, - ,'Jxfy, + 3X1Yi - 4 - 3x,y, + 4af 

-,5xfa, -2x,af +2x,a, +6y;a, -2y,af-4y,a, +:r,y,ai]Ft3\-:r2y2t) 

d(3a)l = (a1 - x2)(a1 - Y2)t + (x2 - y2)2m2 

d(3a)2 = -(a1 - Y2)a2t + yfm2, f(3a)I = X2 - Y2, f(3a)2 = YI 

4a i • s2ta,(-x2 y,t)a21<(a,-y,)(y1-xi)[2 +4 
3 a(4a) = mx,y,mt, Y2D1 X2a2 

. (4) 
+l\:(3y,a, - Y1 - 6af +Sa,+ ,5x,a, - 4 - ,5xi)]Fv (-x2y2t) 

d(4a)I = (a1 - xi)(a1 - yi)t + (xi - Yi )2m2 

d(4a)2 = -(a1 - yi)a2t + y?m2, f(4a)l = X1 - YI, f(4a)2 = Y2 

!5a 8 , 2.,2t2 a.(-x2y2t)a1021<(y,-a,)2[ +2 ( + 3 + 
27 a(5a) = · 2 Y2D2 X2a1 -1\: a, Y2a2 - X2a1 mmv 

4af )]Ft4>( -X2Y2l) 

d(sa)l = (a1 - Y2)a1t + y~m2, d(5a)3 = (a, -· x2)(a1 - Y2)t + (x2 - Y2)
2m 2 

d(sa)2 = (Y2 - ai)a2t + yrm2
, f(sa)l = -y2, f(sa)2 = YI, f(5a)3 = Xz - Y2 

Table 1: Color factors and of the functions d;1, f;1 and a; at /3, = a 1 for sample graphs 

(for definitions see text). The contribution from graphs 4a and 5a is actually given 

for subgraph 6a. 

10 

!) 

J 

) 

where P denotes the principal value integral. In the kinematical region of interest, namely 

m 2
, Ill<< s, the principal value part can be shown to be suppressed by 1/s as compared 

to the a function part. The a function provides the condition /31 = a 1 + 0(1/ s) in this 

case. Hence, to leading order in s, we approximate (22) by 

, l7r 
A; '='=' --a;(a1,a1)0(/J1 -ai) 

s 

[ 
signum(f;i) _ signum(fo) ] ( ) 

d;d;, - dilfo +it signum(J;i) d;2f;1 - d; 1fo - it signum(fo) · 
24 

Representative examples of the functions d;1 and f;1 as well as of the ii; are quoted in the 

table. 

The other integrations appearing in (18) have to be done numerically using (23) again. 

Since in general signum(f;,) is not equal to signum(fo) the A; have both real and imag­

inary parts. An exception is the graph 2c where f(2c)1 = x, and f(2c)2 = Y1- In this 

case the two principal value integr.als cancel and the leading contribution to A.2c therefore 

simplifies to 

A 2rr2 

A(2c) ':,:' - - ii(2c)( a,' ai) a( a1 - /3,) a( d(2c)2!(2c)l - d(2c)d(2c)2)- (25) 
s 

With the help of this new a function a second integration in (18) can be immediately 

carried out. 

The graphs 5a and 5b, comprising 4-point diquark vertex functions, have s in three 

propagators. The contribution of these graphs can be written in the form 

' 3 1 
A;= ii;(a1,/J1) IT ( ) . 

J=I s a1 - /31 f;i + d;i + 1 ti 
(26) 

As an example we quote the functions iisa for the graph 5a together with the d(sa)j and 

f(sa)i in the table. To leading order in s these contributions are also dominated by the 

imaginary parts of the propagator poles at -d;J/(sf;J)- Up to corrections of order 1/s 

this again implies /31 = a 1. Thus, we find for i = 5a, 5b 

' l7r 
A; '='=' --u;(a1,a1)o(a1-/J1) 

s 

1 [ signum(f;i) 
d;d;1 - d;if;2 + i signum(Jil) t2 d;3fil - dil fo + i signum(f;1) t3 

+ (1,2,3)cyclic] 

How to proceed from here should be obvious. 

(27) 

Finally let us discuss the graph 3c. A pole only appears in the s-channel propagator 

and A.(3c) is of the form 

' 1 
A(3c) = ll(3c) ( /3 )( ) d . • 

S a1 - I YI - X1 + (3c) + I ( 
(28) 
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It can be shown that the leading log contribution from this graph to the integral over 

yi,/31 in (18) is dominated by the region near a1 = /31 and Y1 = x1: 

11 i1d/3 F(s,t,/31,Y,···) F( dy1 1 ( /3 )( ) d . ~ s,t,/31 = a 1 ,y1 = x, ... )l(s), 
o o s a, - 1 Yt - X1 + (3c) + It 

(29) 

where F absorbs all terms appearing in (18) including ape) and 

1 r1 1 
I(s)= la dy1Jo d/31s(a1-/31)(Y1-x1)+d(3c)+it. 

(:10) 

Approximately this integral is given by 

1

1/2 11/2 1 
I(s) ~ du dv . + 0(1/s) = 

-1/2 -1/2 SUV+ dpc) + 1 t 
(31) 

2 [ ( -s ) . ( s )] 2i7r - dilog -- -d,log -- ~ --Ins. 
S 4d(3c) 4dpc) S 

Note, that a(3c) ex: s 2 as the contributions from the other graphs (see the table). Thus, 

the dominant contribution from graph 3c is 

Af3~) ex: is In(s)J(t). (32) 

We see that we are here dealing with a ladder gluon graph. As is well-known [9, 24] the 

higher ladder graphs cannot be ignored at large s. They behave as (a.Inst asymptoti­

cally and the full set of ladder graphs exponentiates and represents the Pomeron 

Af3~)( s, t) CX: i SL Cn( t)( °'• In( S) r CX: i SJ( t) exp( a, In( S )¢,( t)) = i j ( t) 8"Pom(t) « i S j ( t) 
n 

(33) 

Hence, the term (32) should be regarded as part of the Pomeron contribution to the scat­

tering amplitude and is therefore to be subtracted from the full contribution of graph 3c. 

We actually do this by simply subtracting (32) from (28). This subtraction prescription 

does not spoil ga~ge invariance, see [24]. After subtraction the remainder behaves ex: s 

and has both real and imaginary parts. 

5 Numerical results for spin-dependent pp scattering 

In our numerical studies of proton-proton scattering we use the following form of the 

scalar and vector diquark DA 

<ps(xi) = Ns x 1x~ exp [-b2(m~/x1 + m}/x2)] 

<pv(xi) = Nv X1x~(l + 5.8 X1 - 12.5 xn exp [-b2(m~/x, + m}/x2)] 
(34) 
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and the· sd of paranwl<'rs 

ls= 7:l.8,51\leV. Q;- = :u:zC:eV2
• as= 0.15. 

.fr=U7.7!\leV, (Jt.=1.:i0G<'\'2 • a1·=0.0.5. "=J.:39 
(:3.S) 

as propos<'d in [18. l!l]. Th<' value's of tlw masses in the exponentials are taken as 

:B0i\le\' (for the quarks) and fi801\IPV (for the diquarks). The trans,·prse size para­

nwtcr b is takrn to lw 0..-198 Gev- 1. The 1;ormalization constants A's and .\"1· ha,·e 

tlw valu<'s 25.97 and 22.29. respect ivPly. As \\'P me11tioned in the pn·,eeding sPctio11 

tlH· J 1 intPgrat.ion is trivial. The othPr three integrations over tlw hard amplitude and 

th<' proton DAs an· carried out. uunH•rically. Since we neglect I /s corrections through­

out \\'P find an Pncrgy i11dc·pc·11cknt. ratio of the helicity-flip and non-flip amplitudPs. 

0.0 I 5 ~------------------, 

(l.0 I 0 

:::: 0 .005 

I ~:::-:-:-::~~-- I 0.000 f/...--····-·-•- .. -----·-. 

0.005 ~~~~~_.__,._~.......,.L~~--"-~--"-~~--'-'-' 

:3.0 4.0 5.0 6.0 7.0 !l.O ll.O IO .O 
--1( c;,.,·:J 

Fig.7 t.-depcudcncc of the amplitude A, solid line-imaginary part: dot-dashed linc-rc•al 

pa.rt. 

Let us discuss the role of the contributions from the individual graphs hridly. Tlw con­

tributions fro!ll t.lw gra.phs 2a and 2b to A are purely imaginary. Thus, alt hough t lwse 

cont.ribut.ions kad t.o hclicit.y flips tlw_y do not. prodnc-e a phase· diffen·11C·c· lwtwcc·11 t lw .·\ 

and Ham!, hence, do not. rnnt.rihnt.l· t.o t.he singl<' spin asyninwt.ry. The graph 2c yic•lds a 

real rnntribution that. is quit.e small, about. a f<'w percent. of Im .-1 at Ill :S IOC<'\· 2
• Tlw 

contributions to t.lw real part of A provided by t.hc graphs ;la and :lh though s11hsta11t ial 

arc rnnqH'nsat.cd by t.hc rnnt.ributio11 from graph :k to a large 1•xti-11t. Tlw co11trih11tions 

of tl[(' grapl1s 1a, -1b, :ia and 5h t.o t.h<' rc-al pa.rt. of .·\ are wry small as th,· n11111t•rical 
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evaluation reveals. Their imaginary parts, however, are not small as is that fro!ll graph 

:k. These imaginary contributions play an import.ant role for tlw doubk spin asymnwt ry 

parameter A.vs. 

The results of our calculations for the invariant function A are shown in Fig. i. :\scan 

be seen from that figure the imaginary part of A is much larger than its n'al part. Thr 

real part of A changes sign at Iii~ 3.5GeV2
• The absolute value of the ratio of .·1 and 

B represents the ratio of hclicity-flip and non-flip amplitudes. This ratio is fairly larg<· 

A IAI/IBI ~ 0.2- 0.3 at Jtl :::: :3 GeV 2 indicating the substantial amount of llf•licity flips 

generated through the vector diquarks in our model. 

40.0 r----------------~ 
• l!:\I. dala (11d.:l) 

• !-':\.\I.data {l:r•f I) 

30.0 

---
'::::20.0 ,. 
-'. 

10.0 

0.0 ~~~~I-'-~~-'-'~~~~-'-'~--"-'~~__, 

3.0 4.0 5.0 6.0 7.0 
-1((;,.v::1 

8.0 9.0 10.0 

Fig.8. Model predictions for single-spin asymmetry (solid line: for the MPE model (9); 

dashed line: for the LP model (10)). 

The interference of the real part of A with the purely imaginary ansatz for the function 

B yields the single-spin asymmetry AN (6). Our prediction for AN is shown in Fig. 8 and 

compared to the high-energy experimental data at ltJ :::: 3 GeV 2 
( yls = 19 GeV) [4]. The 

quality of the present data is poor and prevents any severe test of our predictions. The 

predicted asymmetry amounts to about 20-30% for ltJ > 6 GeV2 ; it is of the same order 

of magnitude as has been observed in the low-energy BNL experiment [3]. The decreasP 

of the asymmetry at smaller momentum transfer is connected with the observed zero of 

ReA (sec Fig. 7). 

14 

The predictions for the double spin asymmetry ANN 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 

those obtained in [14, 25] although the latter are valid in the momentum transfer region 

2GeV2 < JtJ < 4GeV2• The spin observables obtained within the model are essentially 

independent on the parameterizations (9,10) used for the invariant function B. 

t .: 

,. ,. 
< 

30.0 

20.0 

------------ .... ------ ...... -- ---
10.0 

0.0 L..._~.,__L_~~.J...._~......,L.~~--'--'-~-'--'-~~---'-"~'-"-' 

3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 
-t(GPV~) 

Fig.9 Model predictions for double-spin asymmetry (solid line: for the MPE model (9); 

dashed line: for LP model (10)). 

6 Summary 

On the basis of the diquark model we have calculated spin effects in high-energy proton­

proton scattering at moderately large momentum transfer. The two-gluon graphs for the 

colour-singlet t-channel exchange have been considered for the invariant function A while 

the invariant function B, dominating the helicity non-flip amplitudes, is parametrized 

by a standard phenomenological Pomeron. It describes qualitatively the differential cross 

section of the elastic pp scattering. The function A is calculated under the assumption that 

the t-channel gluons couple to one constituent, quark or diquark, each in the helicity non­

flip vertex. In the helicity flip vertex we include the perturbative a, correction. Hence, we 

consider minimally connected graphs which allow to keep all constituents collinear. In our 

model the helicity flips are generated by vector diquarks. It turns out that the invariant 

function A is of substantial magnitude and not in phase with the Pomeron contribution. 
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Our model, therefore, provides a single-spin asymmetry that is rather large for momentum 

transfer !ti 2: 3 GeV2
• The double spin transverse asymmetry in this kinematical region 

are rather large in our model. The important feature of the spin effects obtained in 

our model is their approximate energy independence. On the other hand, they decrease 

with increasing momentum transfer. Our results are valid at large s and moderately 

large momentum transfer (>few GeV2
). This kinematical region can be investigated for 

instance in the proposed HERA-JV experiment [26]. 

Finally we want to stress that our predictions for AN should not be taken literally 

since phase differences are hard to calculate, they depend on many subtle details which 

are not well under control in a model. The diquark model on which our model is based 

was designed for a different kinematical region. In so far, a failure of our prediction for AN 

would not necessarily imply a failure of the diquark model in general but would rather 

indicate that the phase differences are not well under control and/or that the diquark 

model is applied beyond its range of applicability. 
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ronocKoKoB c.B., Kponn rr. 
CnHHOBbie 3cpcpeKTbl B Bb!COKO3HepreTJ:llieCKOM npoTOH-IlpOTOHHOM 

pacce»HHH B .O:HKBapKOBOH Mo,n:eJIH 

E2-98-223 

B paMKaX .O:HKBapKOBOH MO,O:eJIH, me npOTOH paccMaTpHBaeTC}I KaK CB»3aHHOe 
COCTO»HHe KBapKa H ,O:HKBapKa, HCCJie,n:oBaHO Bb!COKO3HepreTJ:llleCKOe pp -pacce»HHe 
npH )'MepeHHO 6oJibIIIHX nepe,n:aHHbIX HMilYJl!:-CaX. IToKa3aHO, l!TO MO,O:eJib npHBO,O:HT 
K O,0:HOCilHHOBblM H .n:ByxcnHHOBbIM nonepel!Hb!M aCHMMeTptt»M, KOTOpb!e He MaJibl 
H He CTpeM»TC» K Hymo npH Bb!COKHX 3Hepfllilx. 

Pa6orn BbinOJIHeHa B Jla6opaTOpHH TeopernqecKOH cpmHKH HM. H.H.Eoromo-
6oBa Ol15HI. 

TTpenpttHT Om.e)lttHeHHOrD HHCTHTyra ll)lepHhlX IICCJJe)lOBaH11ii . .lly6Ha, 1998 
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We study pp 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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