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Color screening in hadron-hadron and hadron-nucleus collisions at high energies
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We consider color-screening effects in soft hadron-hadron and hadron-nucleus collisions at high ener-
gies using the idea of constituent (or dressed) quarks. It is shown that the quark color-screening hy-
pothesis can be formulated as a sum rule for the elastic and inelastic quark-quark amplitudes. Taking
into account color-screening efFects, the cross sections O. t t and do.,]/dt are calculated for hadron-hadron
and hadron-nucleus collisions.

I. INTRODUCTION

In Ref. [1] color-screening effects in soft hadronic pro-
cesses at small and intermediate energies were discussed.
The idea was first suggested in Ref. [2]. Here we extend
these considerations into the region of higher energies
p —100—500 GeV/c where Pomeron exchange dominates
in hadron-hadron scattering. Color-screening effects in
hadron physics were originally discussed as a problem of
hadron transparency at large pT [3,4].

The problem of confinement is a problem of colored-
particle interaction at comparatively large distances, i.e.,
a problem of soft hadronic physics. Two approaches to
the soft hadronic processes can be specified: one of them
explores the idea of bags with QCD quarks and gluons
confined in the cavity. In another approach the hadron is
treated as composite systems of massive constituent
quarks and effective gluons.

The successes of hadron spectroscopy favor the idea of
constituent quarks [5—7] with the mass of light constitu-
ent quarks u and d of the order of 300—400 MeV. A
low-lying hadron in such an approach is a weakly bound
system of constituent quarks. This suggests the impulse
approximation for hadron collisions at high energies
which leads to the additive quark model. The multiparti-
cle production processes at high energies can be under-
stood in terms of constituent quark collisions followed by
the soft hadronization of quarks and soft color neutral-
ization [8].

However, despite its remarkable achievements in
describing global features of strong interactions, the addi-
tive quark model can only be regarded as a crude approx-
imation, as it fails to describe some features of hadronic
collisions. We think one of the reasons is the fact that
the naive quark model does not take into account the
effects of color screening.

In the present paper, starting with the constituent
quarks, we consider color-screening effects in high-energy
collision processes. Our considerations are very much
reminiscent of dual topological unitarization (DTU) (see
[8—10] and references therein). The novel feature is an
emphasis on the t-channel structure of the Pomeron.
Namely, the relative contribution of the impulse approxi-

mation and double scattering, or shadowing, diagrams
depend strongly upon this structure. If the characteristic
values of t in the Pomeron ladder are t —1 —2 (GeV/c)
(this is just the region of the most probable candidates for
glueballs) then the leading contribution to the scattering
amplitude comes from the impulse approximation. It is
related to the small size of the Pomeron (see [8,11]). In
this case color-screening diagrams are not negligible.
Color screening becomes essentia1 for small-size
configurations of hadrons. This leads to a specific sum
rule for the quark amplitudes, which is obtained in Sec.
II.

Calculations of the elastic and total cross sections for
hadron-hadron collisions, with color-screening effects
taken into account, are carried out in Sec. III. These cal-
culations show that color-screening corrections lead quite
naturally to the ratio

o „,(pp)/cr„, (harp) )—',

while naive quark model calculations gave for this ratio a
value less than —,'; this was a weak point of the additive
quark model (see discussion in Ref. [8]).

High-energy hadron-nucleus collisions are discussed in
Sec. IV. In the soft region of these processes color-
screening calculations reveal a noticeable contribution of
antishadowing corrections at high energies. Antishadow-
ing corrections are necessary for the description of
hadron-nucleus scattering in the framework of multiple-
scattering theory, see Refs. [12,13].

At superhigh energies the total cross sections rise with
energy. The growth in pp and pp cross sections at su-
perhigh energies seems to be associated with the increase
of QCD jets [14,15] (the modern treatment of this effect
can be found in [16—22] and references therein). In Ap-
pendixes A and C we formulate some technical aspects
which can help to consider screening at superhigh ener-
gies.

II. POMERON EXCHANGE AND COLOR SCREENING

We consider the region of not very high energies,
p —100—500 GeV/c, where hadron collisions are de-
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FIG. 1. Meson-meson scattering: gluonic ladder diagrams
for the perturbative QCD Pomeron.

scribed by the Pomeron exchange.
As an example let us discuss the Pomeron in perturba-

tive QCD [23,24]. The perturbative Pomeron is defined
as a set of gluon ladder diagrams of the type shown in
Fig. 1. QCD calculations are applicable in the region of
large momentum transfer squared, t. At large t all the di-
agrams of Fig. 1 are of the same order according to the
rule of I/N, expansion [25,26]. It is easy to show that
they cancel each other when quark-antiquark distance
tends to zero.

There are two types of Pomeron+meson coupling: (1)
both gluons are coupled to the same quark, and (2) gluons
are coupled with different quarks of the meson.

These two types of coupling are related to the two
physical processes which are shown in Figs. 2(a) and 2(b).

The imaginary part of the diagram of Fig. 2(a) type is
related to the total quark-quark cross section

Im 3
qq

(0)—t7„,(qq) (2)

These cross sections are connected by the relation

while the imaginary part of diagrams of the Fig. 2(b) type
gives the inclusive quark cross section

d o (qq qX)

turbative Pomeron expression violates analytic properties
of the hadron scattering amplitude at small t. The latter
has a nonzero imaginary part in the t channel at

~
t~ )4m (m is pion mass) while the nonzero imaginary

part of perturbative QCD amplitude starts at
~
t~ )0, just

near the physical region. So, to use the QCD Pomeron in
the soft scattering region, one needs some cutting pro-
cedure in the diagrams of Fig. 1 to eliminate the non-
physical imaginary part. Somehow it is equivalent to the
introduction of effective gluon.

We will not discuss any special mechanism of the intro-
duction of an effective gluon mass. We only use the fact
that this phenomenon happens in some way.

For the description of the Pomeron in the region of
small t we use general properties of the 1/N, expansion.
According to these rules the Pomeron is a cylinder-type
gluonic net. Ladder diagrams of Fig. 1 give us the sim-
plest example of such a net. The generalized form of
these diagrams is shown in Fig. 3 where the Pomeron is
presented as a gluonic cylinder with two types of cou-
pling to meson quarks: either to both quarks or to one
only. Here the situation is just the same as for ladder dia-
grams shown in Fig. 1. The diagrams of Figs. 3(a)—3(d)
can be redrawn in terms of Reggeon exchanges —see
Figs. 3(e)—3(h). The second type of Pomeron+quark
coupling leads us to the three-Reggeon diagram [Figs.
3(f), 3(g)].

It seems to be reasonable that the main contribution to
the diagrams of Figs. 3(f)—3(h) comes from the exchange
of an effective gluon (G). Arguments in favor of this as-
sumption are provided by the spectroscopy of low-lying
hadrons: gluon-type interactions between quarks play
the main role in binding constituent quarks. The prob-
lem of Reggeization of the gluon exchange was con-
sidered in Ref. [27].

Now let us turn to color screening in the meson-meson
scattering amplitude in the region of nonperturbative
QCD where the amplitude is defined by the diagrams of

( ) d3k do(qq~qX)
Ot tqq

d k
(4)

This sum rule can be considered as a basis for the color-
screening phenomenon. Because of Eq. (4) we will see
below that the sum of diagrams of Figs. 1(a) and 1(b) van-
ishes when the relative quark-antiquark distance of the
meson tends to zero.

As mentioned above, the use of the QCD Pomeron am-
plitude is justified in the region of large t only. The per-

I
P I

GgG
P I

FIG. 2. Gluon ladder diagrams with two types of coupling of
Pomeron with meson quarks.

FIG. 3. Diagrams for meson-meson scattering amplitude
with one-Pomeron exchange: (a)—(d) Pomeron is presented as a
cylinder-type gluonic net, (e)—(h) the same diagrams are
redrawn as Reggeon exchanges (P stands for Pomeron, G for
Reggeized gluon).
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Figs. 3(e}-3(h}.
Consider the subprocesses shown in Figs. 4(a) —4(c),

namely, quark-meson scattering. %'e require the situa-
tion in the soft region to be like in the region of perturba-
tive QCD. Namely, the interaction of the Pomeron (or
gluons of the Pomeron cylinder) with a meson vanishes
when the distance between the constituent quark and an-
tiquark of the meson tends to zero. This means that the
sum of the diagrams [Figs. 4(a) —4(c)] tends to zero when
Ir&

—r2I ~0 (here r& and r2 are coordinates of constituent
quark and antiquark of the meson).

The diagrams of Figs. 4(a) —4(c) should be investigated
in the context of the shadow correction analysis of the
composite system. Detailed investigation of shadowing
eS'ects can be found, for example, in Refs. [8,28,29] and in
the references therein. The amplitude corresponding to
diagrams 4(a) —4(c) is

I

I
I

FIG. 4. (a)—(c) Diagrams for quark-meson scattering, (d) dia-
gram describing elastic qq-scattering, (e) diagram for the transi-
tion qqq ~qqq which determines inelastic shadowing in the dia-
gram (c).

M2 2 2

A (s, q )=[a~~(q )+a (q )]F(q )
—2f dk, f d k~ F 4k~+ A3 (s,q, t„t2,M2) .

qq p

Here a (q ) and a (q ) are amplitudes for qq and qq scattering. For the Pomeron exchange a~~(q ) =a (q ). q is
qq qq

the four-momentum transfer squared, F(q ) is meson form factor. The amplitude A 3~ refers to the process of Fig. 4(e).
Its amplitude depends on invariant variables which in the meson rest frame are

s =2mqp

t, = —(k~+ —,'q) —k, ,

t2 = —
(
—ki+ —,'q) —k, ,

=2pg + pyg

p is the momentum of the incoming quark (the lower one in Figs. 4(a) —4(c), m is constituent quark mass,
k= I /2(k, —k2). At small momentum transfer q, =0, which was taken into account in Eq. (6).

The unitarity condition at q =0 gives

Irn A (s, 0)=o „,( q +meson ),
Ima (s, O)=o„,(qq)=o„,(qq),

ImA (s, O, —k, —k, M )=
3q 0 0 7

At q =0 Eq. (5) turns into standard expression for the total cross section of composite system, inelastic screening taken
into account [28,29]:

u, ,(q+meson)=2o, ,(qq) —2f dM f d vzF 4vz+
thresh p d vdM

(8)

In order to estimate the amplitude at lr, —r2I~0 one should rewrite Eq. (5) in the coordinate representation. For
this purpose it is convenient to relate the meson form factor to the quark wave function:

F(q )= f qi(k&, k2)%*(k&+q, k2)5(k&+k2 —P)= f 3
W(k&2)qi" (Ik&2+ —,'ql) .

(2m ) (2m )' (9)

k, and k2 are the momenta of meson quark and meson antiquark. The meson wave function %(k„k2) [or %(k,2)] de-
pends on k,2= —,'(k, —k2) only. The corresponding wave function in r representation is

%(k, , k2)=2 f d r~ d r2e ' ' ' '4( —,'Ir~ —r2I)5 (r~+r2) .

The normalization condition for @(—,
' lr, —r2I ) is

(lO)
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I
IJ
~J

FIG. 5. Quark-baryon interaction due to Pomeron exchange. FIG. 6. Diagrams for meson-nucleon interaction.

f d r, d r2 0& (r,2)5 (r, +r2)=1 .

Here we denote r,2=(r, —rz)/2. The wave function 4(r, 2) determines the meson form factor as

F(q )=f d r, ~ N (ri2)e

The amplitude of Eq. (5) is rewritten as

(12)

A(s, q )=f d r,2@ (r,z) 2a (q)e
'"' 2f—dk, f d

kate

0
"A3 (s,q, t„t2,M ) (13)

The hypothesis of color screening for meson quarks means that the expression in the large parentheses of Eq. (13)
should be equal to zero at r, 2 =0. The following sum rule arises:

aqua(q )=a (q )= f dk f d ki A3 (s,q, ti, t2, M2) . (14)

At q =0, when unitarity condition (7) is used, the sum rule turns into Eq. (4).
Consider now quark-baryon scattering through Pomeron exchange (see Fig. 5). The amplitude is defined by three im-

pulse approximation terms [Fig. 5(a)] and three terms with triple-Reggeon interaction [Fig. 5(b)]:

A(s, q )=3a (q )Fz(q ) —3f dk, f d kiFg (
—k+ —,'q„k+ —,'q2)A3 (s,q, t„t2,M ) . (15)

0

Here F& is the nucleon difactor

dk, d k2
FN(ql q2 ) f 3

+ (kl k2 k3)+(kl+ql k2+'q2 k3+(kl+k2+k3
(2~)

(16)

Let us stress that in Eq. (15) the amplitude A3 is the
same as for quark-meson scattering. But three-Reggeon
interactions for mesons and baryons differ by the factor 2
because the gluon exchange is greater for the qq white
state as compared to the color 3 state of qq. Just this fac-
tor is responsible for the fact that three baryon quarks do
not interact with the Pomeron when all of them are at
small distances (r,2~0, r23~0). One can also see from
Eq. (15) that two quarks, when they overlap, interact
with the Pomeron as an antiquark.

Generalization of these sum rules for the super-high-
energy region, where the amplitudes are of the Froissart-
type, is discussed in Appendix A.

III. mp AND pp TOTAL AND DIFFERENTIAL
CROSS SECTIONS

The pion-nucleon interaction amplitude is the sum of
diagrams shown in Figs. 6(a) —6(d). The formulas related
to each diagram are [notations I—IV correspond to Figs.
6(a) -6(d)]:

II= 6F&(q )e
'—" f d KF (4K ) A3 (K),

—(2G +g )II@)III= 6F„(q')e "— f d KF~( K+ 'q, K+ q)A3 —(K), — —

e " f d k F (4k )A3 (k)f d KFg (
—K+ ,'q, K+ —,'q)A3 (K) . —

~w
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Here F and F& are pion and nucleon form factors and
Fg is the nucleon difactor (corresponding expressions are
given in Appendix B). The quark-quark scattering ampli-
tude is parametrized as

—(26p+a pins)q~
aqq =l Crqqe (18)

aq, is the Pomeron slope [a&-0.25 (GeV/c) ].
For the amplitude A 3q we have chosen the parametriz-

ation in the form

b

FIG. 7. Diagrams for proton-proton interaction.

M
A3 (K )=V ICe (19)

cr, Gp, V, 6, and r in Eqs. (17) and (19) are unknown
parameters. M is invariant mass produced in the inelastic
collision of quarks. 6 is a whole intercept of the three-
Reggeon diagram [Fig. 4(e)], 6=a —2P, where a is the
Pomeron intercept (a =1) and /3 is that of Reggeized
gluon (according to the perturbative QCD estimations
P—= 1). The sum rule (14) provides an additional connec-

tion between parameters o. , V, R and 5:

0
qq mq V

2
0

r (I+6, )
(20)

The proton-proton scattering amplitude can be written
similarly, corresponding diagrams are shown in Figs.
7(a)—7(c) (they are denoted as I, II, III):

—(26++ a &)ns)q

II= —18F~(q )e
'" ' f d KF~( —K+ I/2q, K+ I/2q)A3q(K), (21)

III=— e
'" f d'KF)v( —K+ I/Zq, K+ I/2q) A, (K)

~qq J

o. =24.06+0.04 mb, o. =39.59+0.07 mb .
P

(22)

Our calculations provided the values for total cross sec-
tions o.„=24.44 mb and o. =39.26 mb, the parameters
are

Numerical calculations were carried out for the momenta
p =200 GeV/c and p =310 GeV/c where the measured
total cross sections are [30]

I

GeV/c) we can restrict ourselves to the impulse approxi-
mation diagrams. However, at super-high energies it is
necessary to take care to s-channel unitarity because of
the growth of cross sections with energy. For this pur-
pose it is convenient to use the impact parameter repre-
sentation. In Appendix C we rewrite the impulse approx-
imation diagram in the b representation and perform uni-
tarization of the scattering amplitude in the eikonal ap-
proach.

o'qq=4. 8 mb, b, = —0.9, r =0.141(GeV/c) (23)

OJ 10

10-
E

b
~ 3

I I

.1 .2
-t [(GeV/c) ]

.3

-10

FIG. 8. Di6'erential cross sections mp and pp: calculated
values and experimental data [31].

The obtained cross-section ratio is 0. /o. =1.61. In
Fig. 8 differential cross sections are shown for ~p and pp
calculated with the parameter G&=0.83(GeV/c), ex-
perimental data are taken from Ref. [31].

In the energy region under consideration (p —100—500

IV. HADRON-NUCLEUS COLLISIONS

Here we describe the calculational technique for the
hadron-nucleus amplitude with color-screening taken
into account.

Let us consider meson-nucleus collisions. The scatter-
ing amplitude is defined as a set of diagrams like Fig. 9(a)
with different number of rescatterings n = 1, . . . , A. The
dashed block in Fig. 9(b) is the sum of diagrams [Figs.
9(c)—9(e)]. We denote it as f (q„K, ):

f (q„K, )= fq/q(q, )(2qr) t) (K, —
—,'q, )

+f z(q, )(27r) 5 (K, + —,'q, ) 2fqq&(q„K )—
(24)

Here we use the scattering amplitudes which are adopted
in the conventional multiple-scattering theory:
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f x(q )=

fqqQ ( ~, q, ) ——
saqqQ

(25)

If we neglect the real part of the amplitude aq& and aqq+
(which are small for Pomeron exchange) then

1 1): (): ()
)

q&i

f q~(0) = cr „,(qN),

f ~(~,0)=(2~) B(a., ) (qN ~qX) .
K

(26)

The amplitude for meson-nucleus scattering is

f.~(s q')= & f.(s q'}.
, n! A —n! (27)

Here f„ is the amplitude of diagram 9(a) and A is nuclear
number. One can easily obtain f„using standard formu-
las of the multiple-scattering theory (for example, see
Chapters 3 and 4 of Ref. [8]). It is equal to

FIG. 9. (a) Diagram for the rescattering of pion quarks on
nucleons of the nucleus. (b) Block for quark-nucleon interac-
tion: processes c,d, e of Fig. 9.

K1
f„(s,q') = —2( —

—,
' )"f &(~„)

(2m. )

Kn d k, 2
8(~„,) f %(k,2)

(2m )
"'

(2m )

n d'k,
X% k, +gx, f + (2m. )5 P„—gk 'P„(k, k„,k„, k„)

(2m )

(28}

k =—'(k' ' —k' ') k'" =k' '+K ——' k'" =k'"+K ——'
12 2 1 2 1 1 1 291~ 1 1 K2 292~

X+„(k,+q&, . . . , k„+q„,k„+~, . . . , kz)f(q&, &&)
' ' 'f(q„,&„)

4 and %~ are wave functions of the colliding meson and nucleus, k„.. . , k~ are the momenta of nucleons, and k", and
k2' are the momenta of quarks in intermediate states:

2 ~2 K1 2q1 &1 =&1 K —'q

In Eq. (28) let us introduce an additional integration

(29)

dK5K —gK
a=1

(30)

and after that transform the amplitudes f(a„q, ) into the r representation

K
f(r„q, )=j e ' 'f(~„q, ) .

(2m )

The amplitude f„(s,q ) is rewritten as
d2

f„(s,q )= —2( , )"f d r f (r, q—,—).. .f (r, q„)F(r )F„(q, q„) z(2~)

d2 n

(2~)5 q —g q,(2~) a=1

(3l)

(32)

Here F„(q,. . .q„) is the nucleus n factor and F(r ) is
meson form factor in the r representation:

wave function. In this case

F(r )= e ""F(~ )
K

(2~}
(33)

Remember that the meson difactor D(q&, qz) can be ex-
pressed through the meson form factor (Dq &, z)q
=F((q& —q2)').

The amplitude in Eq. (27) can be written in compact
form if we use one-nucleon approximation for the nucleus

F„(q, . . . , q„)=F~(q, ) . F~(q„),

F~(q) =I 3 qi~(k)%~(k+q),d 14

(2~)

(34)

where %~(k) is one-nucleon wave function. The ampli-
tude of pion-nucleus scattering f„~ is equal to
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f ~(s, q )=2f d rF(r )

X d be' '
1 —1 ——'/br

(35)

2

X(b, r)= f 3 f(r, q, )F&(q, )e
(2~)

=f (r, O)T(b) . (38)

Here T(b) is standard profile function with the normali-
zation condition

In this case the function X(b, r) is expressed through nu-
cleon density p(b ):

AX(b, r) =f (r, O) f db, p(b ) A

This is the final expression for meson-nucleus scattering
amplitude where the color-screening effects of incident
meson are taken into account. If we neglect color-
screening effects [i.e., put f +=0 in Eq. (24)], then Eq.
(35) turns into the usual Glauber expression for the
scattering of a two-particle composite system from a nu-
cleus.

If A is large enough ( A ) 10), we can simplify Eq. (35):

fd'b T(b) = A

In this case the amplitude f ~ is equal to

f „(s,q )=2f d rF(r )

X f d2b e~b q(1 —'e ll&&lflr

(39)

(40)

f „(s q )=2f d rF(r )

e ib-q
$ e 3 2)p(b, r) (36)

where f (r, O) is defined by Eq. (37).
It is useful to compare Eq. (40) to the Glauber expres-

sion, where only meson-nucleon rescattering is taken into
account:

For small q (when q —I/Rz) the q, dependence in

f (r, q, ) can be neglected:

f (r, q, )—=f (r, O)=2o„,(qN) —2f d jr e "'"Bla, )

X
3 (qN~qX) .dCT

K

(37)

fGlauber( 2)s, q

=2f d b e' 'q{1—exp[ —
—,'o„,(meson+N)T(b)]]

(41)

According to the prescriptions of Secs. II and III, the to-
tal meson-nucleon cross section o.„,(meson+N) should
be written with a color screening term: namely,

d3
o„,(meson+N)=2o. „,(qN) —2f F(r ) f d lre ""8(x,) (qN +qX) . —

(2') K
(42)

So the main difference between Eqs. (40) and (41) is the
position of the operator I [d r/(2') ]F(r ).

Using Eq. (40) we calculated vrA total cross sections
for Al, Cu, Pb with the values of cr„,(qN) and
d rT /d ~(qN ~qX) obtained in the previous section.
However it is not suitable to compare the results of our
calculation directly to the experimental data. First, the
data cover a broad energy range; hence, they are related
to the different values of pion-nucleon cross sections.
Second, they have systematic errors. The world data on
pion-nucleus collisions were reanalyzed in Ref. [13] and
systematic errors were eliminated, so we compare our re-
sults to those of Refs. [13,32].

Multiple-scattering theory operates with the language
of hadrons and takes into account elastic, or Glauber,
shadowing (fast moving particle is scattered on the nu-
cleons of the target), inelastic shadowing [33,34]
(diffractively produced resonances or a shower of secon-
daries are absorbed in the subsequent collision with the
transition into initial particle) and inelastic antishadow-
ing [35] (nondiffractive production of secondaries in the
intermediate state). Hadron-nucleus scattering data were
compared with multiple scattering theory in Refs.
[12,13,28]. The results are as follows.

The Glauber screening in hadron-deuteron collision
does not lead to correct values of the total ~d cross sec-

o „,(MST) —1 ——(0.04+0.01) .
o „,(expt)

(43)

Calculations with Glauber correction differ from the data
as well (the deviation has an opposite sign):

o „,(Gl) —1 —(0.03+0.01 ) .
o „„(expt)

(44)

Our calculation for mesons scattered from heavy nuclei,
which uses the language of constituent quarks and gluons
with color screening taken into account, gives

I

tions. Agreement with the data is obtained after all
screening effects were taken into account [28]: inelastic
shadowing (diffractive and dissociation cross sections)
and inelastic antishadowing (which is determined by cer-
tain triple-Reggeon diagram). The main contribution to
screening is provided by the shadowing correction, while
antishadowing is approximately three times smaller.

But there is another situation for hadron- He col-
lisions: multiple-scattering theory does not agree with
the experiments on total and differential n He and p He
cross sections [12]. Analogous results were obtained for
heavier nuclei: calculations [13] performed for
A =20—200 gave
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o „,(CS) —1='
o „,(Gl)

—0.0073 for C,
—0.0082 for Al,
—0.0094 for Cu,
—0.0102 for Pb .

(45)

It results in the ratio

o.„,(CS) —1-0.02+0.01 .
o „,(expt)

(46)

We see that calculations with color screening are not far
from the experimental data.

V. CONCLUSION

We provide a description of hadron-hadron and
hadron-nucleus collisions which backs up experimental
data at high energies. Color screening of constituent
quarks is taken into account, which leads naturally to the
ratio o„,(pp)/a„, (mp) —1.6. Let us stress that in naive
quark model there were difficulties with this value: in the
impulse approximation this ratio is —, and Glauber
screening results in the diminishing of this value.

Our description of ~X and NN scattering allowed us to
fix the parameters of the quark-quark amplitudes and to
use them for the calculation of hadron-nucleus collisions
in the framework of multiple-scattering theory.
Multiple-scattering theory, applied to the description of
the high-energy hadron-nucleus collisions, may operate
with two equivalent languages —hadron language and
that of constituent quarks and gluons. As was mentioned
above, calculations with the help of hadron language
were not successful in describing hadron collisions with
He and heavy nuclei at high energies. At the same time,

using the language of constituent quarks and gluons and
taking into account color screening for the incident had-
ron, we obtain values of the total cross sections which are
in the proximity of the experimental data.

We transform our results to the hadron language and
conclude that in hadron-nucleus scattering the produc-
tion and absorption of showers with effective masses
M -s(Rmz) ' are important processes (here m~ is nu-
cleon mass, M is mass of shower, s is invariant energy
squared of system of incident hadron plus nucleon and R
is the average distance between nucleons in the nuclei).
The production of showers with comparatively small
masses leads to screening effects [33], while at larger
masses antishadowing [35] becomes important. In
hadron-deuteron scattering the region of large masses is
cut by the deuteron form factor. As to the region of non-
large masses (the region of diffractive dissociation) one

can carry out calculations using the results of three-
Reggeon analysis which are trustworthy enough for this
use. Hence, inelastic screening in hadron-neutron
scattering is calculated with sufficient accuracy. At the
same time analogous calculations for He and heavier nu-
clei faced a disagreement with the experimental data.
The reasons could be the following: (i) the increase of an-
tishadow effects connected with the contribution of large
values of M, (ii) inffuence of the non-nucleonic degrees
of freedom (according to the estimation of Refs. [12,13]
to explain the discrepancy between the calculated and ex-
perimental data one needs an admixture of multiquark
bag of the order of —10—15%%uo).

If the hypothesis about duality of hadron and quark
languages is assumed, then our calculations clarify the
situation to certain extent. We see that in a sense color
screening is equivalent to antishadowing effects. The
proximity of our results to the data provides arguments
that antishadowing, due to the large M region, is un-
derestimated in the calculations made with the hadron
language. So the antishadowing should play a more im-
portant role in hadron-nucleus collisions. At the same
time, our calculations deviate slightly (1—3%%uo) from the
experiment which leaves room for non-nucleonic degrees
of freedom in nuclei which were not taken into account
here.

Our considerations show that color-screening effects
are essential in soft processes at high energies. Investiga-
tion of color-screening effects in other processes, especial-
ly in the hadron diffractive dissociation and low-x deep-
inelastic scattering, seems to be important.
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APPENDIX A

It is rather simple to make a generalization of the sum
rule (14) for the region of superhigh energies when the
quark-quark interaction is carried out not with the ex-
change of Pomeron but with that of Froissaron. In the
diagrams 4(a) and 4(b) one should replace Pomeron by
Froissaron. Let us check out that this procedure leads us
to the self-consistent equation. Equation (14) is written
now as

&. In2sg ( 2) —a'q 1n sl n s
qq M Sth

s
M

2/3 —1

ln M f d k~B3 (t&, t2, q )exp —a'q ln M +P'(t, +t2)ln
M

(A 1)

where p is Reggeized gluon intercept p(1. After the replacement y =M /s the second term in the right-hand side of
Eq. (Al) at lns ))1 and q In s —1 reads
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—iln2se ''I '"', d kIB3 (t„t2,q )exp p—'( ,'q —+2k~)ln—
0 y y

(A2)

We see that s-dependent factors are the same for both terms, so we have the sum rule for the amplitudes A (q ) and
B„(t„t„q'):

&qz(q )=f 2 I f d kI B3&(tI,t2, q )exp —p'( —'q +2kI)ln-
p y2P —1 y

(A3)

APPENDIX B

In our calculations we use the wave functions as a sum of two exponents
—y k 2 —5 k 2

4 =a e +b e (Bl)

where k= —,'(k, —k2), and

%~=+ a; exp —y; g k, (B2)

2
1 a

2
2abF ( q ) 3/2 3/2 exp —

q + 3/2 exp
ger (2y ) 8 (y+5)

y 5, b
q + exp

4(y +5 ) (25 )'/'

2 XN~N 2 ~N+
3 exp +

3 exp
(yIv+5pr)' 3 y~+5Iv

2
1 aN

F~(q )= exp
24'I/3(2n ) 8y~

Proton difactor is

where k, =
—,'(k, —k ). The corresponding form factors are

5N

(B3)

(B4)

1 aN
2

243/3(2n ) 8y A

~N+
3 exp

85~

2 2(q, +q2 —q, q2) +
3 e"p (q I +q2 qIq2)(y&+5&)' 3 y~+ ~

~N
(q I +q2 'ql'q2) (B5)

Here

a =105.633, y =50.87, b =5.886, 5 =5.39,
(B6)

F( IA )
( q

2
) 4Ir fP

( q
2 )fP

( q
2

)

fP( 2) —F ( 2) P e

(C2)

(C3)

a =7307.8, yN=11. 36, bN=502. 4, 5N=2. 24 .
Let us transform f, (q ) in the impact-parameter repre-
sentation taking into account that at high energies q =q~:

All values are in GeV . These values correspond to the
standard pion and proton radii squared ( r„)= 10 GeV
and (rA, ) =17 GeV and the behavior of form factors
F'~ ' =(1—

q /0. 5) ' and Fz(q )=(1 q /0. 71) at-
q +0.8 GeV ~ r P A A

APPENDIX C

Here we rewrite the formulas for the scattering ampli-
tude in the impact-parameter representation and show
how to provide s-channel unitarization. We consider as
an example meson-meson scattering (1+2~1+2). The
impulse approximation amplitude of Fig. 10(a) is

2 = 2
—(2GI, +a'1ns)q

F,2,2(q )=4I7 f, (q )f2(q )e

Let us introduce the energies squared s
&

and s2 which are
related to s as s, s2=smp, we put below mp=1 CxeV.
Then the amplitude F,2,2 can be written as

) () () (W-

2 -~) () () (W

FIG. 10. Meson-meson scattering: (a) Impulse approxima-
tion diagram. (b) An example of a diagram sum of which leads
to Eq. (C15) where only initial meson rescatterings are taken
into account. (c) An example of a diagram where all intermedi-
ate states are taken into account. The sum of such type dia-
grams leads to Eq. (C20).
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f'P(q )=f d b e'q'bp+(b),

p+(b) = fd rj F, (r j)p~(b —r~)

where

(C4)

(C5)

( 2)= fd2b eiq.b

A(b)= f d b)d b25(b —(b) —b2))p)(b))p2(b2) .

(C8)

F,(r i)= f e 'F, (q ),
(2n. )

—( G&+a'1ns )q
ppib )= e'1 e

(2n. )

(C6)

(C7)

In order to take into account color-screening effects we
should make the replacement in Eq. (C3):

fP( q2) fcs(q2) —F (q2)e P ~e

F,(r) gives the density of the meson quarks at the fixed
impact parameter ri while p&(b) is related with the densi-
ty of partons in the Pomeron ladder. Then the amplitude
of Eq. (C 1) can be written as

f d3~F, (4a )A3 (~,q) . (C9)
~qq

In the framework of the parametrization for A3q used in
Sec. III we have

fcs(q 2) —f d2 b eib qpcs(b ) (C10)

p, (b) =f d ri p(b —ri ) F,(r~) —(1+b, ) f dy y
+' f dr, @2(r2)e ' 'e (Cl 1)

If the size of meson is not large and b, is close to —1 then
exp(i2m~yr, )= l. In this case the expression in large
parentheses of the right-hand side of Eq. (Cll) can be
simplified:

p, (b) = f d r j F,(r ) ip(b —ri ) —p(b)exp
2

rg
2ro

(C12)

F (q )=fd be' q4cr A(b) (C13)

A (b) = f d b, d b2 5(b —(b) —b2) )p( (b) )p2 (b2) .

(C14)

It is easy to perform the s-channel unitarization of the
scattering amplitude taking into account all the rescatter-
ing of the Fig. 10(b) type with the use of the standard
eikonal technique. The amplitude in this is equal to

(q2) =2f d2b eib q( 1 —e rib~~2) (C15)

y(b)=4cr A (b) . (C16)

The scattering amplitude with one-Pomeron exchange
and color-screening effects taken into account is now
equal to

I

In order to take into account all intermediate states in the
diagrams of Fig. 10(b) type it is convenient to expand Eq.
(C15) in the set of y. We have terms such as

( t)k
y(b)y(b) y(b) .

4

(C17)

gF (ri )F "(rz)=5 (rz —ri )F „(ri ) . (C19)
m'

In the terms such as (C18) the summing can be easily per-
formed and we have instead of the Eqs. (C15) and (C16)
the expressions

The summing over all intermediate states means the re-
placernent

y(b)y(b). . .y(b) ~ g y2„(b)y„„(b).. .y„2'(b)
rm, m, . . .

n, n, . . .

(C18)

where indices m, m', . . . and n, n', . . . refer to all quark-
antiquark meson states. The functions g„„. are deter-
mined now by the above formulas with the replacement
F,(ri)~F .(ri) and f2(ri)~F„„(ri).

If we assume that for quark-antiquark wave functions
the completeness condition can be written in the usual
form

F (q )=2f d b ' qf dR, dR N ( —']r —r'()@ ( —'[r —r'()(1 —e ' '
)

where

(C20)

p, (r„r'„b')= p(b &

—r
&

) +p(b &

—r'& )
—2p(b

&
)exp

(r, —r', )

4ro

dR; =d r; d r,'5(r;+r,'),
y(R), R2, b)=oqq f d bj d b2 p(r), r), b))p(r2, r2, b2)5(b —(bi —b2)),

r (C21)
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Here r; and r; are impact parameters of the quark and antiquark in meson i .The structure of the Eq. (C20) is quite
similar to that of the Eq. (37) for meson-nucleus amplitude.

At superhigh energies y(R„R2,b) should be referred to as y(soft). The value of yQc~ related to minijet production
should be added in (C20) as an additional term y(soft) ~g(soft)+gQco.
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