


1 'In‘tr’oduction

The problem of existence of Ia.rge spin effects in different, reactions B very impo:rt’ant )
‘now. The standard perturbatlve QCD cannot expla,m such experimentally observable
phenomena because it leads to a power suppression of the spin-flip amplitude at large
momenta transfer @,
- Here we shall be mterested in the hadron reactions at high energies and ﬁxed'
: momenta transfer, where the excha.nge with vacuum quantum numbers in the #-
-channel (pomeron) play an important role. Really, it gives a leadmg contrlbutxon:
‘to the elastic hadron scattering amplitude. The pomeron e)ﬁcha.nge must be taken
kinto account for inelastic exclusive processes as a rescattering. So the pomeroﬁ spm
structure caa lead to the essential spin effects which are observed in -the bina.ry
":Trveaetyions inr this kinematic ;egion where the perturbative theory'ca‘n'hot be us’ed.\ ;
~+ - The vacuum t-channel amplitude is usually associated in QCD with tile t;ve-gllien
exchange B3, The spinless pomeron was analysed in 4,5 61 o i;he basis ef a QCD»
'model with taking account of the nonperturbative properties of the theory. A similar B
~model was used for investigation of the spin effects in pomeron exchange . It was ;
shown that different contributions like a gluon ladder M and quark loops 8, 91 may .
lead to the spin-flip amplitude growing as s in the s — oo limit. There was obtained -

the following ratio

1Tl myltl R (1)
I Tnon-—jlip l - a(m,t)lfl 3/30. | o

Here and in what follows m = .33GeV is the constituent quark mass and a is a’

function hnearly dependent on | | at large | ¢ |. ]
This result is due to the absence of the spin effects only i m the leading Iog ap- ‘

prommatlon in the whole a.mphtude In all cases the spin effects nonva.mshmg in- the e |
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hlgh energy hmlt are determlned by the low energy subgraph accompanled by the
v vhlgh energy two gluon exchange As a result, such spin effects are connected with
.the nonperturbatlve long-dlstances contrlbutlons ’

However, the quantltatlve calculations in QCD-in the nonperturbatlve region is

1mposs1ble now. Different model approaches are used for descrlblng the hlgh energy

g r_hadron interaction at fixed momenta transfer.. Some of them lead to the spin effects

v'which‘,do not disappear in high energy processes ‘including elastic scattering (10, 11y,

> B AIn the paper! i 1] the dynamlcal model was proposed in whichthe contribution of the

" nucleon meson-cloud to the spin effects was investigated. This model ekplams spin

phenomena n different hadron reactions quantltatlvely 12,

Itis very 1mportant to investigate the quark-sea effects on the spin-flip processes
: at‘h_igh_ energies in the QCD long-distance model because they are very ‘similar to
! 'the meson-cloud model from the phenomenological point of view. In the second part
otthe paper we shall calculate such effects for the qq scattering at high energies and
ﬁked momenta transfer. .

Itvﬂis kno‘wn that the large distances contributions from the hadron wave function

o (see 13, 14 e.g.) can lead to the spin effects which do not vanish at high energies. To

estimate the relative role of spin effects from the wave function and the elementary

quark subprocess, we calculate in the third part the yq — ¢ scattering as an example.

- Some details of integral calculations can be found in the Appendix A.

2 Quark-sea contribution to qq subprocess at high

energies
- Let us investigate the quark-quark scattering

a(p1) + ‘I(Pz) - Q(Pa) + a(p4)

that plays an 1mportant role in different high energy processes at fixed momentum"." k
nIEE transfer

In what fo]]ows we sha]] use the symmetric coordinate system in which the sumi o
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of quark momenta before and after scattering is directed along the z-axis M

___P1+'P3 p;_P2+P4 2 2

t - U K 2( ’ .
= = = —_—— = — - ~ . 2
5 5 P =pt=mi— o t=(p ps)», s ~ 2(pp') | (2)

The o? contribution to the gq spin-flip scattering amplitlrde in the s — oo, t-fixed
limit was calculated in (7). In & 91 the role was investigated of the quark loops in the
t-channel two-gluon exchange.

However there are other diagrams with the quark loops determined by the quark
sea. It will be shown that these contrlbutxons can be very ‘important in soft processes 3
One of these diagrams can be seen in Fig.la. There are some gluon exchanges be-
tween quark-antiquark pairs in the t-channel. The confinement effects combine them
together. These nonperturbative objects can be approximated, using the effective-
meson—lagrangian method, [15] by two meson states. In the case of ggm coupling this

lagrangian has the form (the isospin factor is not included):
Lrog = i9rq" 754"

thh a,, = gfdr ~ 1. As a result we have effectlve dxagrams of Fxg lb ,C. Theseil
dlagrams are accompamed by similar gr aphs thh the crossed gluon hnes It can
be shown that the real parts of amphtudes compensate each other for the color-'
singlet state in the t-channel. Thus the leading term of the scattering amplitude is
approgimately purely imaginary for the pomeron exchange. In these calculations we

must use the perturbative s-channel quark propagators )
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Flg 1 (a)-An example of the quark sea contribution to the scattering amplitude.

(b),{c)-Effective meson dlagrams ‘with the gnark-loop.

So let us investigate only the-imaginary part of the graphs, Fig.1b,c. The calculations

are performed in the 'light-cone variables as in papers (781 After integration with

5 3



the - functlon we obtain the followmg representatlon for the amphtude Fig.1b
dxd‘.ﬂ(l - :1,)0(.7: —z2)8(z — )
ImT*(s,t) = 2 b 2 y
(2 )‘l / (A =2)(z—2)(z—y) -
- [ kgl () I(F $ M) 4T, o 0 [T (3)

where ¢t is a color factor, k_,I_,q_,y are pole solutions. of the&-functiens; they are

written in 1. .

. In,the form (3).4T,,,p"p" is a trace over the quark loop'multiplied’ by the spin-
non-flip matrix element in the down-quark line; II(F S M) is a product of the mesoh
propagators, the gluon and quark functions which are determihed in what follows,
(T')*? is a matrix element in the up-quark line of the form '

-m? +k%

B R e R A O

In the light-cone variables the matrices I in (4) are determined as follows

Po = I, Pl \/; P2 2\/_ ) (5)

In the ca.lculation we use the sta.ndard form of the meson propagator The gluon and
the t- channel qua.rk propagators are in the nonperturbatlve reglon Let us dlscuss

the form of the quark propagator glven by the representation

O @@ PN =225 ).

" For the perturbative’part of § (z — y) the standard repreSentation is fulfilled and
for the nonperturbative part we use the follo_wing form
. T 4 —ip(z-vy)
$e-v) =g )4/dp5(p)e
1 - ; '
- d4 ~ 2 —tp(z—y). .
Gye ] TP (mBG) + 54T e (©)

Using the equation of motion one can relate integrals of the functions A B from (6)

“with the quark condensate

oy /40 B = = ™.

| ‘;(g%z/d‘ppzﬁ(pz) = fﬁ%ﬂ ¥ O(g)-

e N,

DT L .

Similar equations were obtained in 16,17 1 55 easy to see that the second equa.ti‘on '
in (7) cannot be used in the nonperturbative region because of large g ;:orrectiens.
So we shall use the first one. .

Let us perform our calculations for two forms of the nonperturbative quark prop-

agator. The first is the ”sca.lar” form 1181

s =Bami=Bsen. @

The second is a form equivalent to the perturba.tive one used in 17!
o hd o 2,2 he
np =2 (p p*[m = L2 (p S 2 . 9
§r(p) = 3 (B +mi) ™™ = o5 (B +m1) S(p°) &)
The prdpaga.tors (8,9) decrease .exponentially in the investigated region. The magni-

tudes of h} and h? can be obtained from (7)

47r Mg g :
hy = hy = (‘—) (10)
where mg = 225GeV determines a.Aquark condensate value (7g) = —mg.

The value of m,; in (8) is connected directly with the magnitude of X in the
exponential parametrization of a nonlocal quark condensate m? = A\?/2. Using (18, 19)

we find that m; can change in the interval
my = (0.4 +0.5)GeV. (11)

For the propagator in the form (9) in (17 there was used the value m; = .33GeV.

~ We shall change it in the interval

my = (0.33 = 0.4)GeV. (12)
In the nonperturbative ‘gluon propagator

G24(g) = —igapF™(¢*). " - (13

we use the simplest exponential form for the F "”(q’) function 6,17

F?(g?) = hy . (14)



Discussion of the magmtudes of h9 a.nd b can be found in “, 17] Thell‘ values are
ummportant here ‘ _

It is easy to see that the integrals over &2l 1 and d?q, in (3) have an ekponential

form and the integrations over these variables are trivial. Integration over d?k; can -

be performed easily with the helb of a representation. But in this case we shall obtain
an additional integral. However in the soft regioﬁ where we use an exponential form
for nonperturbative ¢-channel propagators it is not necessary to calculate integrals
explicitly. We use the approximations (A3,A4 A5) and (A6,A7) in calculations of the
integrals for simplicity (see Appendix A for details). The remained two- dlmensmnal
integral was calculated numenca.lly. :

“Let us discuss the matrix structure of the obtained scattering amplitude. The

form (5) can be rewritten in terms of the ”Sudakov” momenta

, (15)
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where
p=p- p—p’, P=p- p—p P=7" =0
As a result , We get the followmg structure of the amplitude (3)
T”(s t) ~ isc® [ 5 olh} ”’“]B[t —-+t1£—+t21‘2]®;. (16)

Here the constituent quark masses are introduced in order to obtain the same dimen-
sions of ¢; amplitudes. The p/s term is present in (16) because in the down-quark

line the helicity is conserved as in the case of the simplest two-gluon exchange (see

(4 e.g.)

5 O 1:5 oW
Bygm =1, Q)i ~o.

In (16) B has the form
ax by o
={—)" 17
B= (") a7
It is easy to see that the simplest two-gluon exchange graph that contributes to

the leading asymptotlc term of the scattering amphtude looks as follows

p’®P

T%(s,t) =

(18)

ot

where

A%M(s,t) = 4isc29[91l;a3 h?, /2] (19)

is the spin-non-flip amplitude of the two-gluon exchange . Note that we have a
similar term in (16) as a coefficient.
Combining this contribution with the calculated amplitude, Fig.1b, and the: corre-

sponding reversed graph we obtain
T(s,t) = A%(s,t) {My + [To Mo+ Ty My + 2 T3 M, ]}, (20)
where we use the following definitions of the matrix structure

)

M, =
2
52

'®

3 e
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My =-2PFPOL p  POPT

sm B sm
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e

(21)
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The T; in (20) are related with ¢; from (16) by the condition T; = 3/4 B¢;. Using

(10) we have
) 47r a ‘Mo

==

The amplitudes T; calculated for two different forms of the quark propagator (8,9) are

]‘* ' (22)

shown in Fig 2(a-c). It is easy to see that for the same value of the mass m;, = .4GeV
we obtain very similar results in both the cases. 7

The nonplanar contribution (Fig 1c) was investigatedrtoo. In this case we have a
region where both the quark propagators are nonperturbative as before. The calcula-
tion for the diagram in Fig 1lc is more complicated and we do not want to discuss its

details. We have a form similar to (20) as a result. But the obtained amplitudes are

suppressed by a factor about 10 with respect to the planar contribution (see F' ig 2b

as an example). The same suppression is.true for particles heavier than the 7-meson.

So we can conclude that the main contribution to the scattering amplitude at high
energies and small ¢ comes from the planar diagram with the 7-mesons exchange in
the t-channel. The_ quark-sea effects’ drastically change the matrix str_uctufe of the
simplest 2-gluon ekctxange which has only the M, term (18,20). The new Mo a‘ndkM "

terms result in the spin-flip amplitude growing as s.
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Fig.2(a)-(c)-Amplitudes Tp — T, from (20) for different choices of quark propa-

gators: For the case (9): solid line-for m; = .33GeV; dashed line-for m; = .4GeV. '

For the case (8): solid line with dots-for m; = .4GeV; dashed line with dots-for
) m1-= 5GeV. “ o

In Fig.2b the dashed line with stars-is a contribution of the nonplanar graph for the
case (9) with m, = .33GeV.

sea

(9) with m,; = .33GeV.

Fig.2d-solid line - T%/ determined in (23), dashed line -T}; from (24) for the case

Calculating the corresponding matrix elements from (20) we obtain

T (s,1) = A%(s,t) {1 + T0iL },
t : '
T =2[2T, + Ty (1 + e )RR (23)

sea

Tf(s’t) = A2y(sa t) ’I.sfea’

T = ‘/lt_l{To T ). (29

sea
m

The resulting T* and TY, are shown in Fig.2d where one can éee the model results

sca sea

sea

for the quark propagators in the form (9). Note that the magnitude of T% is not
very small as cdmpa.red to 1. It should renormalise the magnitude of h;, determined
for the simplest 2-gluon exchange (see 1n e.g.). ‘However the magnitude of T, is

sea

sufficiently small. Really it is about 10% of T/ and only about 1% of the nonflip
amplitude of the two-gluon exchange. This smallness is a result of the compensation
between Tp and T; in (24) because they are approximately of the same ma.gnitude

and opposite in sign (Fig.2a,b).

3 Spin effects in vq¢ — vq scattering

Large distance contributions frorrll the hadron wave function can lead to additional
sbin effects which do not vanish at high energies (13. 141 Moreover the new matrix
structure of the high-eﬁergy quark-quark subprocess obtained in the previous part
of the paper can change the spin structure in the hadron a.mplitu_d'e determined by
the long-distance effects from the hadron wave functions as compared to the simple
spinless pomeroh exchange. So it is important to determine Vthve. relative role of spin
effects from the wave function and the elementary quark subproéess.

Of course there are diagrams in which the pomeron couples with two different
quarks in a hadron. But these c'c)ntribufions can be suppressed becaﬁse of the in-
tegration with the hadron wave functions (see “ e.g.). As a result the pomeron
must prefer to intér;'a.ct with a single quark in the hadron. We shall inveétigate such

graphs in what follows. It is easy to see that the contributions from the hadron wave



function are very similar to the loop-integral in hig‘h energy vq scattering (see Fig.3).
This process is not a hadron reaction. However all calculations Can be performed up
to the end in the case of quark-photon scattering without taking into account any

additional information about the hadron spin structure.

Pm—r
A S

qu(sly t)

Fig.3 The high-energy contribution

to the g scattering amplitude.

p—r p+r

So let us examine this reaction at high energies and fixed momenta transfer as
tool for estimation of the contributions from different interaction regions to the he-
liéity amplitudes. As previously, we shall calculate only the imaginary part of the
leading term of the scattering amplitude. In calculations we shall use the form (9)
for nonperturbative quark propagators. As a result, ‘
| Q) b
=1 1673 mi

ImT{%, (s,1) = 3 Y [ d*ké((p'— k) — m3)S(k + r)S(k — 1)

e (p—r)Tel(p+r). - (25)

Here S(p) is a function given in the quark propagator (9), e")‘v(p +r) and e2(p—r)
~ are initial and final polarization vectors. We shall suppose that initial polarization is
positive and final is arbitrary. In this case for the coordinate system determined in

(2) the polarization vectors are of the form

e:l (p+ 1) =1(0,—cos(6/2),—1,— sin(9/2)-),
e)(p— ) = (0, =X cos(8/2), —i, A sin(6/2)), (26)
where § is a scattering angle.

In (25) T** is a trace over a quark loop which includes the matrix structure of

quark-quark scattering amplitude (T'(s’,t))down from (20). For this amplitude we

calculate the spin-non-flip matrix element in the down quark line. To separate spin .

effects from the quark-loop and the meson-cloud, we shall calculate the simple two

10

—

gluon exchange and the sea contributions indép(:ndently. For the two-gluon amplifﬁde
(18) we have A
(T2, Dhaoun = 47(5,0)[ £ ] @

For the sea contribution one can obtain from (20)

sea 29¢ p’, 9 p,2 - k? | I I}
(T (S, t))down =A (s ,t){ ;7[..T0 + Ty m? + 2T ] + Tom—l + ﬂm—¥} (28) “

The functions T; are determined in (22). These expressions are used for calculations
of the gluon spin-flip and spin-non-flip amplitude on quark which do not change its
helicity.” We do not want to discuss here the details of calculations. The obtained

result can be represented in the form
* L TU (s D) = i(4ma) A% (s, 0870, (2). ‘ (29)

Here o = 1/137.:
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Fig.4’ (a)- ®7,(t) amplitude determined in (29): dashed line-the simple two-
gluon contribution; dashed line with dots-the quark-sea contribution; solid line-the

total result. (b)- the same for 77, (t) amplitude.

The simple two-gluon exchange contribution, the sea effects, the total functions
&), (t) and Y%, () are shown in Fig.4. We can see from Fig.4a that the sea contri-

bution is very important at small momenta transfer. This long-distance effect gives

11



about 40% of the total spin-non-flip amplitude at ¢ = 0 and decreases quickly with [¢|
growing, which is caused By the large slope in the quark ¢ -channel propagators (9,12).

As a result, the behavior of 7, (t) at [t| > 0.3 Gev? is determined only by the two-

gluon exchange. The obtained spin-flip amplitude is sufficiently small (see Fig.4b)

but this is connected with the choosen process. The most important is the fact that
with taking account of the kinematical factor |t} in the spin-flip- amplitude, the sea
contribution to 7, (¢) is of the same order of magnitude as the correspondmg effect

“in @77, (t). Really it is about 30% of the total spm-ﬂlp a.mplxtude at |t| ~ 0.1 Gev?.

This large magnitude of the sea effects is due to the fact that different contr 1butxons :

are not compensated in the loop integral as in the case of a simple matrix element
(see (24)). The behavior of 2%, (t) is determined by the two-gluon contribution-at a

larger momentum transfer as previously.

4 - Conclusion

- So, the gq -sea contribution in the high energy scattering as s — oo, t-fixed, makes
_the spin-flip amplitude gnowing as s. The obtained results show that the main con-
tribution in this case is determined by the planar diagrams of the form Fig.1b. Note
that the amplitude of the simple two-gluon exchange (which can be considered as a
”bare” péméron) is factorised from the large—distaﬁce effects in all the cases investi-

.gated here. In. the general case it can be replaced either by a‘l‘adder gluon amplitude

equwalent to the "natural” _pomeron or by the quark- a.nthua.rk excha.nge In all _

cases the matrix structure in the upper-quark line ‘does not change. As a result we

obtain the same energy dependence of the spm-ﬂxp.a.nd ‘spin-nop-flip a:mphtude, as
- previously. ‘

It is shown that the quark -sea effects in the scattering amplitude can reach 30-40%

: 6f the "bare” pomeron contribution. This confirms the 1mporta.nt role of such effects

in high- energy reactions. All this can explain the success of the meson- -cloud model

[11 12] that takes into account s1mlla.r contributions phenomenoglcally Of course, we

12

must include the §g pairs directly from the wave functions but this problem fequires
an additioﬁal analysis. ‘ v

So, the \long-distance eﬁ'écts invesfigated ‘here can lead to the spin flip in hadron-
reactions at fixed momenta transfer in the s — oo limit and the leading asymptotic
term of the scattering amplitude has a complicated spin structure. Thus, the quark
loops from the sea can‘be an important generation mechanism of the spin leﬁ'ects at
high energies in QCD at large distances.

Acknowledgement. The author expresses his deep grattitude to V.G.Kadyshev§ky
for support and to A.V.Efremov and D.Robaschik for discussion.

5 Appendix A

We rewrite the integral over d%k; in the form

dzk e—fk2 men 1)

a(r?) = | - B (A1)
[ﬂ + (kL + Q=) r B+ (kL — (1~ w) )7,
. a2k e—_flc2 —2h( ky *1) )
5/ d7/ 2 22 C e 2
-1 [B+ kL + (1 —2)’r] +29(1 — 2)( ki 7L)]
Using the a representation and integrating over d*k; we have
N T g [Peda 0 (e —a)
o) =5 [ [ Fraert-af ~rila(l-2) s LY
Parametrising (A2) in the exponential form
B(r?) = weTLV/?, T (A3)

Comparing the magnitudes and the first derivatives with respect to r3 of the functions

(A1,A2) at r? = 0 we shall obtain the integral representations for ¢ and t. For

example,
© ada _.p 5 ada _1-BfIn((1+Bf)/Bf) :
¢= / f+a —of+a— . B (A4)
Similar calpulations give us the following form for the ¥ ,
_3F°R*(1+ Bf) In((1 + Bf)/BS) = 367K — (1 — 2)?
v=- 351+ AJ) (49)
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For the integral with k2 'in the numerator we use the similar approximation
) :/ _ k2 &Pk, e~ frL-2h( k'trl)
B+ (ke+(1-2) ﬂ)"’][ﬂ*’ ( ki —(1—z) 7))

where

4= (DAL 87)/65) - 1, (—opf -3
oM T 3BfI+ B
The obta.med approximations (A3,A4,A5) and (A6,AT) reproduce the initial integrals

(A7)

with an accuracy better than 20% for |t| < 0.8 Gev?,
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