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t Introduction · 
'. ! ' 7 ' ~ 

' '. . -
It is well known that the spin effects are absent in the massless QCD at high energies 
[1], ·but in hard processes, where the perturbative QCD in them.-+ 0 limit must 
be applicable, the spin effects are observed [2]. The mass terms inclusion leads to a 
small decreasing with energy of the ratio of spin-flip and non-flip amplitudes 

I Tflip I m 
I Tnon-flip I ~ ..;s· 

It may be expected that spin effects in hard processes can be explained on the basis 
of axial anomaly not vanished as m -+ 0. 

Usually the axial anomaly is,connected with the triangle graphs [3]. In different 
hard processes this anomaly is manifests itself through the box diagram [4]. These 
diagrams determine the gluons contribution to the spin-dependent structure functions 
of dee!> inelastic scattering which play an important role in solving of the EMC "Spin 
Crisis" (see e.g. [5]). Another known example is the box contribution t"o the photon
photon scattering. The axial anomaly results in a nonzero cross-section for the real 
longitudinal photon interactions in this reaction [6]. 

· The anomaly can lead to the mass divergences of the diagrams are compehsated 
With the terms proportional to small masses in the diagrams numerator. As a re
sult, there appears a mass-independent contribution producing the helicity-flip in the 
massless limit. This generaiized approach was applied to the search 'of axial anomaty 
(7] and an .anomalous pole was shown to exist in spin-dependent cross~sections of 
fe+~...: annihilation. ' ' 

So the aXial anomaly manifestation can' be found in different processes.: In [8] 
it was supposed that this anomaly can manifest itself in the high energy hadron 
scattering at fixed momenta, transfer lt!'too. In this case the kinematical smallness 
"' It I in the helicity-flip amplitudes can be compensated by the anomaloUs singularity 
of the diagram in the ltl -+ 0 limit similar to the mass Compensation as m -+ 0. 
This effect can lead to nonvanishing spin-flip amplitudes for ltl = 0 ('?anomalon" 
contribution). ' .·. · · '· .: ·· · ·!;. · ·'' ; ·' 

IIi this paper we shall ;ea.r:ch for this anomaloiis behavior-in the spin-flip ampli
tudes ofthe quark-quark sub.(>rocess in pertui-bative q'cn. In the 'secmid part of the 
paper it will be shown that the mass and momentum-transfer singularities exist in 
the axial and mass terms of the gluon-ladder diagrams for quarks on the mass shell. 
The off-mass-shell effects will be analyzed in the 1q high-energy reaction in the third 
part. 
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2 Anomaly in the quark-quark scattering 

Let us investigate the spin effects in the mass-shell quark-quark scattering as s -+ 

oo, It I - fixed in perturbative QCD. We use the following definitions of the initial 
quark momenta 

PI =p+r, P2 =p'-r, 

and 2 

s ~ 2(pp'), t = ~ = -~?, (pr) = (p'r) = 0. 

It can be shown that we can calculate the imaginary parts of diagrams only in the 
case oft-channel pomeron exchange. Diagral!ls, Fig.1, determine the amplitudes with 
the spin-flipin theupper,9uark line [9]. '·' 

Htifi 
(a) (b) (c) 

· Fig.l The a; contribution to the spine flip amplitude. :: 

·• The imaginary parts of the spin-non-flip matrix element ifi:the down quark lirle 
~f diagrams, Fig.1(a)-(b), can be written as follows (the light-cone variables [10] are 
used herer : .. · ·' ·. 

,·, a3 11 dx j 
Im(T;(s, t)) = c;(

2
•) 2 . ·· ( ) · • tflkj_d2 l.L 

• · 7r S. •of• X 1- X . :. ,, 

N(k.L,ll.,r,x) ( (GtGDliCF(l±r))).: · (1) 
• • .< • ~ , . , • ' ' . ~ l; ; 

where c; is a color faCtor, GtGf are the corresponding functions oft-channel propa-
.gatorsin the up part of the graph, F(l ± r) are the gluon pr~pag~tors fr~m the do~!l 
part of the graph, N( kl., ~. r, x) is the matrix structure in the up quark line matched 

. with the gluon block. F()r diagram, Fig.1a, th~ fun<;tions G and Fha~~ the f~rm ' 

.<\ 

G1,2 = - . 1 - X • 

·a x2m2 + (1- x),\2 + [kl. ± (1'- x)rl.)2' 
1 

F(l ± r) = 
,\2 + [l.L ± rl.)2' · 

;.· 

. (2) 

where we introduce the mass ,\ into th~ giu~n propagato;s. , It f~llows fr~m (2)that 
in the ,\ -:7.0 limit we have infrared singularity only from the gluon .. prop~ga:tors 
F(l ± r) in the down part of the graph. All other propagat~rs have no divergences 

. in this limit. . .. , . . . ' , " 
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The numerators of the diagrams can be decomposed over independent matrix 
structures 

4 
"" k" N~~.~.~x)~~~rk. 

. k=O 

We use the following definitions of these matrix structures 

,. J,l ... .. · afJ'yp 1 • • r =!:... r -I r - J. r" - ZE PaPpT..,/p'Ys • zmu"'Pp' rp 
0 S I 1 - I 2 -1'1. 3·- I r4 = a 

s s 

(3) 

(4) 

We shalt' analyze here the c~ntributions of the ~t~ctures i\, f' 4 which ·~e determined 
by the antisymmetric part in the quark line and lead' only to the spin-flip effects [9]. 
The axial f' 3 term will be called the anomalous term because it does not contain the 
quark mass; and f'4 , the normal term: For the ~i~gram, Fig.1a, we find·· . 

N; = 20s2 x(1 ~ x); N; = -20s2 x. · (5) 

It is easy to see that in the (T.) and (Tb) the integrals over .flk.L and cfll.L are factorized 
completely and the amplitudes can be written in the form 

''(r.,b(s, t)) = A 29(s, t) I:'B!,b tk ·= A 29(s, t) iJ •. b, (6) 

where 

A29(s, t) = ~isa;c2 j d2l.L ITCF(l ± r)), c2 = 
3
8
6 

(7) 

is the born two-gluonhigh-energy;amplitude, O(a;) v:ith (F([ ± r)) determiried by 
(~f TheA29 amplitud~ hM an infrared divergen~l! in the,\ -+ 0 limit.'J'he ainplHudes 
B a. b containing the integration over .fl k .L are freidrom the' singularities at',\::::;, 0. 
· .. 'The factori~~tion (6) is a very impo~t~IiCp~op~~ty ofthe h~licity ·~mplitudes. 
Really the magnitudes of polarizatio!l, spin correlation. pariunete~~ are' q;-mdratic i!l 
the helicity amplitudes in the numerator and,de~ominator. As a result, the infrared 
si~gularities of A29 must cancel at the physical spin-dependent observables. We hope 
that this result·is justified not only in the a; order ~f perturbative QCD.' . 

Let.us analyzed the form of the obtained B!amplitude in the X= 0 and s.-+ 09 
limit. After integration over .flk we .have · · 

k ·11 dx Jk(x) Jtl.2(1..:. x)2 + 4m2x2 +tl.(1 ~ x)' 
B = In = 

a o t:,.Jt:,.2(1- x)2+ 4m2~2 .Jt:,.2(1_- :r)2 +4m2x2- tl.(1- x). ..· 
00 . t:,.2n ; {1 'a~ (1 _·;)2n+t J';(x) . . 

2 E (2n + 1) lo [t:J.2(1- x)2 + 4m2x2Jn+1' (8) 

It easy to show usi~~ (1~5)that thefti~ctions P(x) ~d f 4 (x') in (8) have a nonzero 
limit for. x' :=: 'o. For the n =,·0 term: in (8) one can ob.tain · ' 

' . . ,_, • <' ' ' . ' ,, • '. 

·. <:' ······'·7rfk(o)· 
B!(n = 0) = ~+ l(m,tl.). 

· mu '~ 

•, 
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Here gk(m, ~)are smooth functions form,~ --+ 0. They are determined by the.terms 
,... xm ( m "1- 0) in the numerator of ( 8). Of the same form are all the terms with n "1- 0 
in (8): As a result, the behavior {9)-is true for the whole integral. So, we obtain the 
'mass and momentum-transfer singulanties for the anomalous and the normal terms 

in the spin-flip amplitude. 
Considering that 

• m~ 
{r3)flip = {r4)flip = 2 (10) 

we conclude that the {f 3) flip and {f 4 ) flip cont~ibutions to the spin flip amplitude do 
not depend o~ m and~ for small masses ,and moment~ transfer. ' 
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Fig.2 The f 3 contributions to the spin
flip amplitudes, {B)flip for. diagrams, 

:Fig.1a-c, full curve- form= 0.33GeV; 
dotted line- {Ba)flip fo~.m = 0.005GeV. 
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. The results of calculations of the f 3 contribution to the spin-flip amplitudes 
{Bi)j1i; d~termined in (6) foi: diagrarilS, Fig.ia-c, are sho~n inthe Fig.2. It can 
be seen that these terms in the amplitude, Fig.1a, really h~ a.~ anom:alo~s · beh~v
ior:· The ~plit~d~, Fig.1~;c,ha.S a n~~mal bena~oi: ~eca~~e 6f ~6ther fo~m of the 
t-ch~nel propagators. However, from .(5) it f~llovis that: · · .· 
~ :- ' . . . -' •, ! . : - • ~ .. 

r<o) = - r(o) .. .i' (11) 
.·:t; 

So the anomalous terms from (f3)j1iJ, and (r4)flip are cancelled and the amplitude, 
Fig.1a, together with all other amplitudes have a normal·beha:vior for the on-mass
shell quarks. Note that this cancellation of the normal and the anomalous divergences 
for large masses is well known [4, 7). Here these terms are cancelled for all masses. 

' . . c. 

3 Spin effects in 'YiJ. scattering 

N~te that because the masses are different i'n ·nature; the divergences cancel out. 
Really, we have in f 4 -the mass from the numerator of the internal quark propagator 
(m~~t); iii (2,9) '-the mas~ determined by the quark pr{;pagat~r~pole (mp;l.); in (10)
the mass of the external quark ( mezt)· If these masses b~ve diffe~ent k!ues, the matrix 
elements {Ba)flip will have an anomalous term proportional to (mezt- m;nt)/mpole· 
So it is very important to inves'tigate what will happeri. with the anomalous and 
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normal terms if we take into account the off-mass-shell quarks because'the obtained 
compensation can be destroyed in this case [10). To answer this question, we shall 
i~~estigate:here 7q elii.Stic wi.ttering at high energies.· The anomalous and normal 
terms analyzed in the previous section will appear in this reaction.if gluons will 
interact with a siiigl~ quark iii' thJ l~op, (Fig:3): Thi; graph corresponds 'to tl:ie 
standard pomeron contribution to th~ 1q high-energy sc.:..tteririg. . · · · l·"' 
.. ,' ' \ ' . . . ' . ~ - .. ·. . - . . ~. ~ ' ·,; 

Tn 

" . 
Fig.3 The pomeron contribu~ . 
tion to high-energy 1 q scat
tering. 

1) 

~ 

.. -~~ 

., 

In calculations we shall k~~p only the f 3 and f 4 structures in the quark-loop~' The 
'" . .. . " • • . i • • ',. ' . ' ' ' ' • • ! 

result can be represented in the form . . · · ·: . . . J 

TJi+(s, t) '=a A29(s, t) <I>j~+(t). . (12) 

Here <I>j~.f,(t) is the amplitude with the positive initial and arbitrary final polarization, 
a= 1/137. As in the previous section, the factorization of the high-eriergy (A29(s;t)) 
and large-distance effects (<I>"q(t)) is performed in (12). : 

A simple two-gluon exchange contribution to the spin-non-flip amplitude, the 
f~ncti(:ms <I>~';.(t) for diagrams, Figla,b, are shown in Fig.4. We can see that the spin 
effects. are. not very small as compared to the. non-flip. contribution from the ; born 
diagram~ However both diagrams, Fig1a,b, have the same behaviour at small It!; So, 
the :momalous terms are absent in this Calje. :: ' 
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Fig.4 The amplitudes <l>"q(t) form= 
0.33GeV determined ix;t (1~): .full. <f 
curve - born two-gluon' contribution 

:: t .. l'!!l'rl """""' •!J!!I!!!d "i'!I!IJ 

to the '<I>+';.(t), dotted;line - <I>~';.(t) 
aJ?plitudes for diagrams, Figla,b. · · 
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1()0 , . 
We have analyzed what may happen to the anomaly. It was sho~. that the 

. contributions'of f3 arid f4 do 'not compensated each other in the spin-flip amplitude 
of 1q scattering. The absence of the anomalous behavior in the ·<I>~';.(t) amplitude 
is caused by the changes in the t-channel gluon propagators from .the off-mass-shell 
effects in the quark loop. This can b17 slimvn u~ing (8). R~ally,if t~e):Xte~~ q~~ks 

• ' ' .•• '·,· • '. •i' '. ' .•. 

') 



'are not on the mass-shell, we have the following change in (8) 

(~2(1- x)2 +4m2:zh ==? (~2(1- x? :J- 4m2~--: 4p2x(l- ~)).. {13) 

A~ a result, for p2 =/= m2 the quadratic divergence;:_ 1/x2 in ~he B!(n = O)integral 
e.g. at small m~mtmta tr~sfer will change to the liner one·;_,_ '1/x. This leads to 
vanishing the pole 1/m in (9). For small quark masses we have the same result for 
<J>"n(t) as in Fig.4 but on another scale. Really, it can be seen from (8) that in the 
s -+ oo limit the scattering amplitude depends on the variable ~2/4m2 • The 1q 
amplitude depends on the ~2/4m2 variable t5o. 

4 Conclusion 

So the analysis of the pomeron spin properties at small quark masses and momenta 
. transfer in the o:~ order of perturbative QCD shows that the anomalous behaviour 
found in the individual contributions (9) is absent in the full spin~flip amplitudes of 

1 qq and 1q scattering. The reasons for disappearing the anomaly are different in these 
reactions .. 

In the qq subprocess the cancellation of. the singularities in the anomalous and 
normal terms is obtained in accordance with (4, 7]. In 1q scattering the off-~ass-shell 
effects destroy the anomalous behaviour of the amplitudes at small quark masses and 

. momenta transfer. 
" ' This does not signify that we prove the absence of the anomaly in elastic scat
tering~ May be it is determined by nonperturbative contributions (s~e (8] e.g.). It is 
possible that the anomalous terms found here can manifest itself in more complicated 
diagrams or in other processes. 
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