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I. Introduction 
One of the most impressive consequences of the QCD is the 

strong dependence of the hadron Interaction cross section upon its 
size ' 1 _ 4 / . Colourless hadrons can interact with a coloured field 
only due to spatial distribution of the colour charge inside it. 
Point-like hadrons do not interact. The interaction cross section 
tends to zero as f when transverse dimension of the hadron 'c'—O . 
A close analogy in QED is the positronium scattering. 

This result makes the QCD essentially different from the other 
models. The Regge phenomenology gives no relation between the hadron-
ic interaction cross section and the radius. In the additive quark 
model a decrease of the interquark distance leads only to small dimi
nishing of the interaction cross section due to an increase of the 
Glauber-like screening. 

It seems that such considerable distinction of the model predic
tions can be easily observed experimentally. 

It was suggested in papers /- )' b / that nuclei should be used as 
a filter, discriminating transverse size of high energy hadrons. The 
diffractive scattering and К meson regeneration, which are sensitive 
to the transparency of nuclear matter, are actually well described 
/v. 7/ 
' •"" . But a good agreement is also obtained in the additive quark 
model ' 8 - 1 0 ' . 

The smallness of the cross sections of the hadrons containing 
heavy quarks is connected in QCD with the small size of such hadrons 

' . In the additive quark model thij ie explained by the weakness 
of the heavy quark interaction. Comparison of the results of calcula
tions in both models demonstrates surprising coincidence for the 
total hadronic cross sections . 

The above examples show that the choice of the "smoking gun" ex
periment is not so easy. This is the subject of the present paper. 

One can suggest that a hadron should be scattered on a nuoleon 
target with different values of momentum transfered,in the presence of 
absorbing nuclear matter. If scattering with larger momentum transfer 
is dominated by smaller hadronic transverse dimension, then according 
to QCD prediction one should expect nuclear matter to become more 
transparent with the transfer momentum increasing. The expected effect 



is large: if hadron is absorbed by nuclear matter, then A-dependence 
1 /ч 

of the cross section is about к J , but if nucleus becomes transpa
rent, then A-dependence is much more steep ~ A. 

The quasi-elastic scattering is considered as an example in 
Sec. 2 of this paper. It is shown that this process disobeys the con
ditions mentioned above. It follows from the internal colour struc
ture of the Pomeron, which leads to absence of the hadron formfactor 
in the elastic scattering amplitude. In the double gluon exchange 
approximation (DGA), for instance, in the case of meson scattering 
with high momentum transfered, the two gluons can be coupled to 
different valence quarks of the meson (Fig. 1b). Thus the momentum 
transfered is divided between two quarks and the meson does not dis
integrate even if it ha» a large transverse dimension. The calcula-

II 
Fig. 1. Different contributions to the meson-nucleon elastic scatter
ing amplitude. Pomeron exchange in DGA (a,b); Reggeon exchange (c)j 
Reggeon-Fomeron cut (d). 

only 

tions performed in DGA for different nuclei really demonstrate that 
1 /3 2 

the value of A e f f ~ A and it weakly depends on q (the momentum 
transfered squared). It is worth noting that the value of A f f 

becomes large A f f ~ A at very large q & ( 2. <s<g>(*S/$J~, whei 
olf> s: 0.1 (GeV/c)" is the parameter of the Pomeron trajectory slope. 

On the contrary, 1л the case of reactions with the quantum num
ber exchange one can believe that the momentum is only transfered to 
one of the quarks. This is seen in the quark diagram shown in Fig. 
1o, which corresponds to the Reggeon exchange. 

+ о In Sec. 3 the charge exchange quasi-free reaction ЧГ —»- J? on 
nuclei is considered. The experimental data show the rapid growth of 
Aeff w i t h 4 in accordance with theoretical prediction. 

More high statistics data are available for the reaction of char
ge exchange <н~~_-»^Г° considered in Sec. 4. The experimental data 
contradict the Glauber ' '-Sitenko ' >' approximtlon, but they are 
in good agreement with the above consideration. 
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Polarization phenomena in the quasi-elastic scattering on nuclei 
are considered in Sec. 5- It is shown that the spin-flip amplitude is 
more enhanced by the nucleus than the nonflip one. As a result, pola
rization in scattering on a nucleus is considerably larger at high q 
than that for a nucleon target. 

The results of the work are discussed in Sec. 6. Some new experi
ments sensitive to QCD predictions are also proposed. 

2. Quasi-elastic scattering on nuclei 
Let us consider the scattering of the qq-pair with the relative 

transverse distance ^ on the nucleon target. In the DGA shown 
graphically in Fig. a,b one can calculate the value of the scatter
ing amplitude ia\S<\''T:^ corresponding to the momentum transfer q. 

Here <rfs = of /ЧЧГ , where О is the QCD coupling constant; *tu 

is mean square of the nucleon radius; Vfta is the gluon effective 
mass introduced to take into account the confinement. The value of 
W « is of the order of the inverse hadron radius and is chosen to 
be equal to 0.17 GeV. . 

The elastic ЧГлг -scattering amplitude f ei(4) is a result of 
averaging of expression (1) over T with the weight 1Ч^(гЛ , 
where Y<jj- is the pion wave function 

Though the DGA is obviously oversimplified, it describee the 
experimental data '^»*' well. 

We have calculated the slope parameter В(^Л)=2яО11(^,Ч:)/я0. 
for soattoring of the qq~ pair on a nucleon. We used the Gauss para-
metrization for the pion wave function and values of parameters 
г р . 0.7 fmj Xg.. 0.59 fm; tfj • 0.826; <SV^ot - 24.5 mb. 

Fig. 2 demonstrates the q dependence of the slope parameter 
В(о,/г) for different values of T . It is seen that В>С^,ч.) slightly 
depends on t in the region q 2 %• 0.5 (GeV/c) . This is the result 
of the dominance of the diagram in Fig. 1b in this region. Its contri
bution is insensitive to the hadron dimension. 
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Fig. 2. Dependence of the 
slope parameter B(£/t) 
upon q for different 
values of f . 

Fig. 3. Total cross section of qq 
pair interaction with a nucleon as 

о 
a function of "c -interquark rela
tive impact parameter squared. The 
solid curve corresponds to DGA 
(version I). The dashed curve cor
responds to the parametrization (3) 
(version II). 

The t dependence of the total cross section of the qq pair in
teraction with a nucleon С ^ С Т ) • 2. I m f ^ 0 ^ can be determin
ed from (1) and is shown in Fig. 3. At a small interquark distance 
T -» О the cross section decreases as ^ i ^ ' ^ ™ t 6iT . Such be
haviour is connected, as was mentioned above, with the dipole charac
ter of the interaction, in QCD. The factor is the most model-de
pendent one. It is the result of using the nonrelativistic quark model 
and DGA. One can use a simpler form of 

-•2 ^41A/ 

etot'« 

б„м - (3) 
which is also shown in Fig. 3. 

Now let us consider the reaction of quasi-elastic single scatter
ing on a nucleon inside a nucleus. To calculate inelastic corrections 
to the Glauber ' 1 2'-Sitenko ^ 1 3' approximation (GSA), it is convenient 
to use the eigenstate method •• . If the energy is large enough 
E ^ 2 > > R A , where jK is a massive parameter, the fluctuations of 
the relativistic hadron transverse dimension *t" are "frozen" during 
passing a nucleus.Thus the hadron-nucleus scattering amplitude is a 
result of the averaging over T of the scattering amplitude with the 
fixed value of V /5» 6'. 

The differential cross section of the quasi-elastic single scat
tering with the momentum transfer q has a form 
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tfh - *r |<A'wi?(^i^>l 2 =j: M / #]лл< 

The following notations are used here: ̂  > Z - the number of 
protons, if N • p, A„ • A-Z - the number of neutrons if N «ft; if(l) 
and !](/)> are the coordinates of the spin wave functions of the recoil 
nucleon; P v (*t> T ^ is the coordinate density matrix of a nucleon 
inside a nucleus; ^J-Ч''^^ i s t h- e amplitude of scattering of a 
q5 system on a nucleon, which has a form of 2x2 matrix; T(b) « 
Ajt/г pCZ,t) is the nucleus profile function, where P C* ) = f„ (xjz) 

is the nuclear density. 
The sum over final states of the nucleus and integration over 

momentum of the recoil nucleon (q* is fixed) give ^L ff&) ?£&')= 
. Here we ignore the spin structure of the elastic scat

tering amplitude ftf,^) (see below Sec. 4). Then expression (4) is 
simplified to 

.11) 
(5) 4f^ = &\А1Ы\<$*ь*ПЬ*мЧ(^\ 

The r e s u l t of c a l c u l a t i o n s of the e f f ec t ive atomic number * e f f ( q ) = 
CJ<5 0"p M )/tf ^ г ] / С "< <%£ bs*f)/dtls\ by using formulae ( 5 ) , 

(1) 1з shown in Pig. 4 for d i f f e r en t n u c l e i . The nucleus dens i ty 
has been taken i n the Woods-Saxon form 

02 05 9'(GAfc> 

/ 1 5^. It is seen that A e f f(q 2) slightly 
depends on q . As was explained in the 
Introduction, this is related to 
colour structure of the Pomeron. 

Fig. 4. q -dependence of A f f for quasi-
elastic single scattering calculated in 
DGA for different nuclei (solid curves). 
The dashed curves are the same, but in
cluding the multiple scattering contri
bution» The dotted line corresponds to 
the GSA. 



Fig. 4 also shows the results of tin» calculation in the frame
work of the GSA. The value of A e f f is independent of q in this appro
ximation. It is interesting that at small q the cross section given 
by formula (5) is below the result of the GSA. In other words, the in
elastic corrections in this case do not make the nucleus medium trans
parent but obscure. This is the result of integration over f in (5) 
where the factor f(o,*rt is large at high values of T" but the ex
ponential factor is large only at small values of /c~ . 

It should be noted that at sufficiently large values of q the 
relativiatic wave function of the hadron should be used. Hadronic con
figurations of large dimension with smeared gluonic cloud are suppres
sed in the elastic scattering with high q . Consequently, one can ex
pect considerable growth of A„„(q ) ''°'m Corresponding values of q 
are determined by the dimension of a gluonic cloud fy. » ( Z o ^ wn£>) , 
where »/д к 0.1 (GeV/c) is the slope parameter of the Pomeron trajec
tory, S is the energy squared in c.m.s. in Gev . There are no data 
for this region. Measurements of the recoil nucleon and reconstruction 
of quasi-elastic kinematics are necessary to avoid multiple rescatter-
ing contributions to A -,(q ). Otherwise the latter may be calculated. 
The double scattering contribution has a form 

Since the inelastic corrections to the single scattering contri
bution has been found to be small and the momentum transfer in the 
double scattering is on the average divided fifty-fifty, expression 
(6) can be estimated in the GSA at medium values of q g. 1 (GeV/o) . 
The triple and higher rescattering contributions turn to be negligibly 
small in this region. The results of calculation of the quasi-elastic 
cross section including (6) are shown in Pig. 4. 

3. Charge exchange reaction ЧГ A-*? X 
p Strong q -dependence of A * * can be expected in charge exchange 

reactions. As was considered in the Introduction, this is due to had-
ronio formfactor in the charge exchange amplitude (see Fig. 1c) which 
pioks out compressed quark configurations in scattered hadron at high 
values of q 2 > <"c: 2>" 1. 

Let us at first consider the reaction WP — Q'ft which is conve-
/17 IB/ 

nient because of the pole (Ag) dominance ' " » ' ° ' u p to the values of 
q 2 » 1 (G»V/o) . The single-scattering contribution to the cross sec
tion of quasi-free charge exohange scattering 1Г~А —* 1° X bas the 
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form 

(7) 

The averaging over T is taken here with the weight factor 
Y„Ct) 4li(z) . We assume further that the coordinate parte of the 
wave functions 'fh (X) and Yv (t) coinside (according to SUj) and, 

(3 +пЛ9л/) and 0 intOr*/) are equal. consequently, (D tot'? a n d 

The amplitude ? c e x ( . ^, ? 
'totv 

) is a 2x2 matrix in the nucleon spin 

(8) 

space. It can be written down as follows 

Here the constant С includes all factors independent of q* and 7 
n is the unity vector which is normal to the scattering plane; 

are the Pauli matrices, 
form 

The spin amplitudes can be written down in the 

/17 18/ The experimental data • at 40 GeV are well described with 
в - 6.1 GeV ' , Л = 3. 4 (OeV/c)" 2. 

performed by using formula (в) with the following alternative for 
<5 t o tCE") dependence: variant I corresponds to the 1X3A and expression 
(l)j variant II corresponds to simple form (3). Results are shown in 
Fig. 5. It is seen that q -dependence of Z e f f is much stronger than 

the values of 
Calculations 

(S) 

have been 

0.5 

И-g. 5. Zyt'f (q c) for quasi-free charge 
exchange single scattering on the С 
nucleus. The solid and dashed curves cor
respond to the versions II and I respec
tively. The thin curves correspond to the 
charge exchange 7f~-» f and to the re
action If-» ru° in the case of pur* pole 
contribution. The thick curves are the 
predictions for the latter reaction if 
the pole-cut interference is taken into 
account (see the text). The dotted line 
•hows the OSA result. 
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In quasi-elastic scattering, as was expected. Comparison with results 
of GSA also shown in Pig. 5 at small q demonstrates that inelastic 
corrections to the charge exchange scattering make the nuclear medium 
more transparent which is not the case with the quasi-elastic scatter
ing. 

Double scattering contribution to the cross section (single 
charge exchange and single elastic scattering) has the form 

A 

(10) 

As in the case of quasi-elastic scattering, correction (10) can 
be estimated in the GSA and higher order rescattering corrections can 
be neglected. 

The results of calculation made with foriaulae (7)-(10) for nuc-12 leus С in two variances are compared in Fig. 6 with the experimental 
/18/ data at 40 GeV. The GSA curve is also presented. It is seen that 

the accuracy of the data is insufficient to prefer any of the theore
tical curves. 

It is worth noting that formulae (7)-
(10) are elso valid for the reaction 

<П+А — 1"X but with exchange Z s t 
A - Z. Corresponding predictions for 

KA/Be 

for 

the ratio of cross section 

4Cu and Pb nuclei are shown in Pig. 
7 in versions I, II and the GSA. 

Zeff ^ 4 ' ' o r t n e c n a r f i e exchan-
Bring ЯГА—УХ on the 1 2 C nuc-

Я 
OH 0.6 0.8 

2(G*V/cf 

Pig. 6. Z e 

ge scattering ЧГД-»^' 
leue. Experimental points are from Ref. 
' . Calculations are made with multi
ple scattering corrections included in 
version II (solid curve), in the versi
on I (dashed curve) and in the GSA (the 
dotted curve). 
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Fig. 7. Predictions for R» 

Metn+te-Fxyjy?-
Cu nuclei. The solid, dashed and dotted 
curves correspond to versions II, I and 
the GSA respectively. 

4. Charge exchange reactionЧГ A—'H Л 

Similar calculations for the reac
tion It'A —"• ЧТ" X may have some speci
fic difference due to characteristic dip 
structure ' 1 ' « 1 8 ' in the q -dependence 
of the cross section of the reaction 
<!r~P--<Ji°n at q 2 « 0.6 (GeV/c) 2. One 

' /iq/ 
of the popular interpretations •" of 
this dip is zero value of the P -pole 
residue in the wrong signature nonsense 

point q ж 0.6 (GeV/c) due to P-/ exchange degeneracy. In this ca
se the differential cross section of charge exchange single scatter
ing on a nucleus has a dip in the same point as on the hydrogen tar
get. Results of calculation in versions I, II are с1озе to that for 
W'A-'l'X and are shown in Fig. 5. 

/19/ Another possibility ' " of the dip appearance is destructive 
interference of the P pole and ?-JB cut contributions (see Fig. 
1 c,d). This version naturally explains the difference in the posi
tions of zeros in spin-flip and nonflip (cross-over point) amplitudes. 
It is clear that the ratio of P pole and Pf-cut contributions for 
a nucleus differs from that for a hydrogen target. Indeed, at large 
values of q the P -pole exchange picks out hadronlc fluctuations of 
small dimension according to the above consideration. The nucleus be
comes transparent and the Q -pole contribution is enhanced by a fac
tor of ~Z. On the contrary the PiP-cut contribution (Fig. 1d) is si
milar to the elastic scattering (Fig. 1b). It does not pick out small 
configurations in a hadron and is enhanced on a nucleus only by a l/l factor of ~ Z '-*. Such change of relation between pole and cut leads 

p 
to displacement of the dip position to higher values of q , where it 
can be filled by a non-flip amplitude contribution. 

A single scattering contribution to the differential cross sec
tion in this case is calculated by using formula (7) but the form of 
•pin amplitudes differs from (9). 

» 



(и) 

The terms with the factor У are the piP-cut contribution. They 
have been calculated under an assumption that slopes of the Pomeron 
and P -pole exchange amplitudes are the same and equal to a/2. Para
meters 6 and A differ from that in 9Г-* ? reaction. They are 
found by fitting the experimental data / 1 7 » , 8 Л JfsfT.SS, |frj= 
3.7 GeV", X - V.5 G*V*, o, » 6 GeV*. 

Results of calculation of the single scattering contribution 
to the effective number Z^li are shown in Fig. 5 for versions I and 
II. The bump-dip structure of curves is due to different positions of 
minima in cross sections on a nucleus and hydrogen. It is seen that 
the two theoretical treatments of the dip structure in the rH~P-»'!i°lrl 
differential cross section discussed above give quite different pre
dictions for Z* (q )• Thus investigation of hadron-nucleus inter
actions can help to solve the problem of the dip interpretation 
which is till open. 

/18/ Unfortunately, the available data ' are obtained in Inclusive 
measurements. So one should include the multiple scattering correc
tions. The double scattering contribution can be calculated using ex
pression (10), where f c e - Is given by (8), (11). Besides one should 
take into account the fact that only the events without charged re
coil particles were permitted in experiment. Thus expreesion (10) 
should be multiplied by (A-Z)/(A-1). 

/18/ Results of calculation of Z_-. are compared with the data 
in Fig. 8. The best agreement is for the curve calculated in version 
II, which corresponds to maximal transparency of a nucleus. It is 
also seen that the data prefer the model connecting origin of the 
dip in the ЧТ'р -+ЧГ°П reaction with the cut. The GSA stongly con-

' 2 
tradicts the data. Some disagreement at very small q seen in Fig. 8 
is a result of the Feroi-statistics being disregarded. 

Nate in conclusion that one should not pick out version I or II 
on the ground of the quality of description of the data in Fig. 8. 
Calculating the inelastic corrections, we ignored the triple Pomeron 
contribution. 
5. Polarization effects 

Elastic scattering polarization at high energies ia the result 
of interference of the nonflip amplitude f + + dominated by the Pomeron 
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Q2 ОН 0.6 0& 1.0 i.2 IV 16 
f(GeV/cf 

Fig. 8. The same as in Pig. 6 for the reaction 4l "A —" I t " X on 12 the ^0 nucleus. Tha thick and thin solid curves are calculated in 
version II. They differ from each other in the same way as the cor
responding curves in Pig. 6. 

anu spin-flip amplitude t dominated by the Beggeons (P, Ag). The 
latter decreases with the energy, so polarization is small at high 
energies. 

I t follows from the above consideration that Pomeron and Hegge-
on exchange amplitudes are enhanced i n quasi-free scat ter ing on nuc-2 l e i In a di f ferent way. The former s l i g h t l y depends on q and i s 

1/4 2 
weekly enhanced by ~ A '-' . The l a t t e r s teeply grows with q and i s 
enhanced by up to - A. Thus re la t ion between spin amplitudes Is 
changed on nucleus in favour of f +_ . This should re su l t In th» 
growth of polarizat ion. 

Polarization uf r e c o i l protons in the quaei -e laat io i e l ng l e 
scat ter ing 4i'~A ~!t~p X i s given by the following expression 



The 

(12) 

2 is given by expression (5); 
the sum of the Fomeron and Reggeon con-

?JP,g 

the cross section ct<5oe(/d4' 

tributions; the amplitudes Z e p have the form of (8). We put 
Ъ*С4^)=0 and took B ? ( ^ ? ; in the form of (11), i.e. included the 
cut contribution. The result of calculation of the ratio of polari
zations in the quasi-elastic single scattering on Fb and in the elas
tic f/J scattering аз a function of q is shown in Fig. 9. It is seen 
that in the region q =s 1 (GeV/c) the enhancement factor exceeds 
two. 

We considered polarization of the 
recoil nucleons. An effect of the same 
order is expected for scattered protons 
in the quasi-elastic proton-nucleus 
scattering. It should be emphasized that 
registration of the recoil nuoleon is 
needed in any case to execute the quasi-
elastic single scattering kinematics. 
Additional rescatteringa suppress pola
rization . On the other hand in the 
charge exchange single scattering pola-

— i 1 - j 
02 0.4 0.6 0.9 i 

<f(6tV/cf 
pig. 9. Katio of polariza
tions in the quasi-elastic 
scattering on Pb and hydro
gen targets, calculated in 
version II. 

rization should be suppressed at large 
q . In fact polarization in this case 
ia due to pjP -cut and P -pole inter
ference. The former, as was considered 
above, has little nuclear enhancement. 
But if polarization is due to interfe
rence of different poles (P»P')t then 

polarization in a nuclear reaction is the same as on hydrogen. Thus 
precise measurements of polarization in the quasi-free charge exchan
ge single scattering can yield useful information about the origin 
of the charge exchange scattering polarization. 

6. Discussion 
Here we proposed an effective Method to verify the QCD prediction 

about strong dependence of hadronic cross sections in their also. 
It is shown that in the quasi-free charge exchange scattering on a 

2 2 
nucleus at aedium values of q $ 1 (QeV/c) nuclear natter is trans
parent for the scattered hadron, because its transverse dimension is 

12 



small. The phenomenon Is observed experimentally and this Is the first 
essential justification of smallness of point-like hadron interaction. 

Nevertheless new data obtained in special experiments are needed. 
1. It is desirable to have some data on the cross section of 

quasi-free charge exchange single scattering. Kinematics correspond
ing to the binary reaction should be controlled experimentally. Data 

12 obtained on nuclei heavier than С are also necessary. 
2. It is interesting to measure quasi-elastic single scattering 

at large momentum transfer, at least several GeV/c. 
3. Measurement of the polarization effects is possible with po

larized nuclear targets, or by means of analysis of the recoil nuc-
leon polarization. Another possibility is measurement of asymmetry 
in polarized proton beam scattering. 

4. A possible interesting experiment of this type is coherent 
production of a symmetrical pair of particles with large P (rela
tive transverse momentum) on nuclei. This process might have an ob
servable cross section at sufficiently high energies. A large P. 
corresponds to a small interquark distance inside the incident had
ron. Thus nuclear matter should be transparent and this should be dis
played in A-dependence. 

During performing this work we were essentially supported by 
helpful discussions with L.I.Lapidus. We are indepted also to V.V. 
Anlsovich and M.I.Strikman for useful comments. 
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Цветовая структура адронов в кзазиупругом рассеянии 
и перезарядке на ядрах 

Рассмотрены эффекты экранирования цвета внутри адронов при 
взаимодействии их с ядрами. Показано, что в реакциях квази
свободной перезарядки на ядрах с ростом переданного импульса 
ядерная среда должна стать прозрачной для рассеиваемого адро-
на. Существующие экспериментальные данные подтверждают это 
предсказание КХД. 

Работа выполнена в Лаборатории ядерных проблем ОИЯИ. 
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Effects of Hadronic Colour Structure in Quasi-Elastic 
and Charge Exchange Scattering on Nuclei 

Effects of hadronic hidden colour screening are considered 
in hadron-nucleus interaction. It is shown that in the quasi-
free charge exchange reaction nuclear matter becomes transpa
rent for the scattered hadron if the momentum transfer is 
large enough. The available experimental data confirm this 
prediction of QCD. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 
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