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Heavy-quark and lepton-pair production on nuclei
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We present a description of the A dependence of heavy-quark and Drell- Yan pair production in

hadron-nucleus collisions, based on the Reggeon approach to strong interactions at high energies and
the parton model. The same method has been successfully applied to the production of light-quark
states. The existence of a new energy scale, which depends on the mass and xF of the heavy system, is
emphasized. A phenomenological model, which includes both the shadowing corrections to the nucleon
structure function and the rescattering of the heavy-quark states, is proposed. The model quantitatively
describes the available experimental data on J/P and heavy lepton-pair production in h A collisions as
well as the European Muon Collaboration e6'ect at low x.

PACS number(s): 24.85.+p, 12.40.Gg, 25.40.Ve, 25.80.Ls

I. INTRODUCTION

Investigation of hadronic interactions with nuclei at
high energies can give important information on the
space-time picture of strong interactions. To understand
the A dependence of particle production both for had-
rons made out of light (u, d, s) quarks and of heavy (c,b)
quarks is a challenge for theoretical models of high-
energy interactions.

There is a general approach to hadronic interactions at
high energies [1] based on Reggeon field theory and the
parton model. For collisions involving nuclei this frame-
work is also known as the Glauber-Gribov model [2,3].
Particular, QCD-based, realizations of this general ap-
proach are the dual parton model (DPM) [4) and the
quark gluon string model (QGSM) [5], which successfully
describe multiparticle production in hadronic and nu-
clear collisions. We will use this general formalism to
study the A dependence of heavy-quark and lepton-pair
production. Application of this framework for "hard"
processes is justified, because we are interested in the soft
rescatterings in nuclei, which accompany hard interac-
tions (shadowing effects).

An important tool for analysis if multiparticle process-
es is provided by the celebrated Abramovskii, Gribov,
Kancheli (AGK) rules [6]. These rules give relations be-
tween various multiparticle discontinuities (cuttings) of
an elastic amplitude and result in remarkable cancella-
tions of different contributions in some physical quanti-
ties. One of the best known of AGK cancellations is in
single-particle inclusive spectra. Here the various cut-
tings of the dominant, nonenhanced diagrams, ' cancel
with each other and, as a result, only the single-Reggeon
term survives giving an 3 ' behavior.

Also at ITEP, 117259 Moscow, USSR.
Nonenhanced diagrams are diagrams without Reggeon in-

teraction as in Fig. 1. Enhanced diagrams contain Reggeon in-
teraction.

However, there is a number of effects violating AGK
rules [7—9]. The AGK rules are applicable only to parti-
cles emitted from cut reggeon propagators. If the emitted
particles belongs to the upper "blob" of the diagram, the
AGK cancellation is not valid.

The most obvious physical mechanism of AGK-rule
violation is related to energy-momentum conservation
[7]. The sharing of the available energy among the vari-
ous inelastic collisions (or the various strings) causes the
xF distribution for the cuttings of several Reggeons to be
softer than the one for the single-Reggeon cutting.

The experimentally observed variety of A behaviors for
different particles in different xF regions gives evidence
for AGK-rule violations.

Let us consider first the production of light-quark
states. Experimentally the A dependence for ordinary
hadrons (vr, K,N, A, .. ) parame. trized as A is as follows
(for a review see Ref. [10]): a is slightly larger than one
in the nucleus fragmentation region and decreases steadi-
ly to a value o, =0.4—0.5 in the projectile fragmentation
region. These data are naturally described as a result of
momentum conservation [4,5]. The value a-0.4—0.5 at
x~-1 is an edge effect associated to a large interaction
cross section of the light-quark hadron (cr-20 —30 mb).
(See Sec. III.)

For heavy-quark states and Drell-Yan (DY) lepton
pairs the situation is quite different. Experimentally a = 1

for Drell-Yan process, except at the highest available en-
ergies (800 GeV/c) and for large xF, where a=0.95 [11].
For J/P, a=0.9 at xF-0 and decreases to a=0. 7—0.8
at xF-1 [11,12]. A value of a ( 1 has also been observed
for g' and r production [11]. These results are difficul
to explain in most available models [13]. We will show
that they can be explained in our approach.

The shadowing for heavy-state production can be
caused by rescattering both of light-quark hadrons ac-
companying the heavy state and of this state itself. (The
latter interaction is absent for Drell-Yan process. ) The
key point is the existence of an energy scale EM, where
AGK rules break due to t,„effects [8]. Below this criti-
cal energy the cuttings associated to coherent diffractive
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FIG. l. Nonplanar Reggeon diagram for hadron-nucleus
scattering.

production on nucleus vanish and the A dependence can
drastically change when this critical scale is crossed. The
important role of this new large-energy scale for heavy-
state production was stressed in Ref. [9], where the quali-
tative features of this approach have been discussed. The
value of this critical energy (which depends on the mass
M, the x~ of the produced particle and also on the nu-
clear size R„) is of order E~-M R„(see Sec. II for de-
tails).

There is also another critical scale Eo, where the inter-
play of nonplanar (Fig. 1) and planar (Fig. 2) graphs is
essential [14,3,8]. The space-time picture of the interac-
tion changes at this scale crucially. However, the elastic
amplitude [3] and all its discontinuities corresponding to
multiple-Reggeon cuttings behave smoothly [8].

For light-quark hadron production this scale coincides
with the t;„scale and equals Eo -m&pR „,where p is a
typical mass scale of strong interactions.

For heavy-state production, the scales Eo and EM are
different and there is a large region Eo &E &E~ where
the shadowing effects for Drell-Yan process are canceled.
For the latter, the shadowing at high energies E )EM is
mainly due to nonplanar enhanced Reggeon graphs and
the absorption at E & Eo results from planar graphs.

As for the rescattering of the heavy state itself, this
mechanism is just like the momentum-conservation effect
for light hadrons but with a quantitative difference which
is due to the fact that the heavy state carries after rescat-
tering a large momentum fraction and, therefore, the
effect is concentrated at larger x+ values. This mecha-
nism is present both at E & EM and at E )E~.

This paper is organized as follows: in Sec. II we review
the parton-Reggeon approach (partonic version of the

Glauber-Gribov model) and the existence of the critical
energy scales Eo and E~. In Sec. III we apply this ap-
proach to the production of ordinary hadrons made out
of light quarks. %'e give the results of the Feynman-
diagram analysis for the 3 dependence, as well as the
prescriptions to compute it. In Sec. IV we discuss
lepton-pair production and show the almost complete
cancellation of the shadowing corrections at present ener-
gies. In Sec. V we consider the production of heavy-
quark states and show that the rescattering is important
and leads to a decrease of n with increasing x~. In Sec.
VI we present a phenomenological realization of our ap-
proach. It takes into account the effects discussed in the
previous sections combining the heavy-state interaction
with the shadowing corrections due to light partons in-
teraction. The effects of the energy scale EM are included
in our formulation. A comparison with available data on

dependence of nucleon structure functions and for
Drell-Yan and J/g-production cross section is presented.
In Sec. VII we compare our approach with other models,
in particular with intrinsic-charm model. Section VIII
contains our conclusions. Some technical aspects of the
model of Sec. VI are give in Appendix A.

II. INTERACTION OF HADRONS
WITH NUCLEI IN THE PARTON MODEL

AND REGGE APPROACH

In this section we will review some general features of
the approach based on the Gribov Reggeon calculus [1]
in the case of hadron-nucleus interactions [3].

The fast moving hadron in this approach cannot be
considered as a single particle passing through a nuclear
medium, but as a superposition of different multiparticle
states (Fock-state vector). It is usually assumed also that
only states which have wee partons can effectively in-
teract with a target. The states which contain only fast
partons are sterile and do not interact. The lifetime of a
fluctuation which contains wee partons is large and is
proportional to the initial energy of the colliding hadron
h (7.-E/pm&, where p is a characteristic scale of strong
interaction). So this fluctuation starts to develop long be-
fore the interaction of its wee partons with the target
takes place. The interaction of these soft partons with
the target destroys the coherence of the state, and the vir-
tual inelastic state starts to transform into a real hadronic
state. Because of unitarity this inelastic interaction leads
also to elastic scattering, which corresponds to Pomeron
exchange.

Each component of the fluctuation can produce its own
wee partons and an interaction of several independent
pieces of the Auctuation leads to Regge cuts in the hA
elastic amplitude and is described by the nonplanar
(Mandelstam-type) diagrams of Fig. 1. These Iluctuations
develop simultaneously and thus at high energies it is im-
possible to speak of successive rescatterings of the initial
hadron. So the fast hadron colliding with a nucleus can

FIG. 2. Planar Reggeon diagram for hadron-nucleus scatter-
ing.

~The planar diagrams which correspond to successive rescat-
terings of the initial particle are important for E &Eo and de-
crease as 1/E for E & Eo [3,14].
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be viewed as a complicated multiparticle system with
several soft components, which can interact with
different nucleons of a nucleus —inside a tube with a
given impact parameter of the hadronic size. The in-
teraction of such a system, which slightly reminds of an
"octopus, " with a nucleus is shown schematically in Fig.
3. Interactions of each "tentacle" can have either inelas-
tic or absorptive character and correspond to various cut-
tings of the Reggeon diagrams for the elastic hA ampli-
tude (Fig. 1). The relations between the contributions of
these cuttings can be obtained from an analysis of the
corresponding discontinuities of the Reggeon diagrams.
They are different for asymptotic energies E )Eo (AGK
cutting rules) and for energies E & Eo [8].

Although the space-time picture of interaction at high
energies E & Eo is completely different from the Glauber
one, the generalized Glauber-type formula for the elastic
h A scattering amplitude, which takes into account inelas-
tic diffractive production, is valid [3].

The diagrams of Fig. 1 start to dominate in the energy
region E Eo, where the diffractive production with
small momentum transfer

~
t

~

—1/R z to nucleons
(R„=ROA'~ is the radius of the nucleus) becomes pos-
sible (Fig. 4). The critical energy Eo can be determined
from the condition on the minimal invariant momentum
transfer ~t;„~—3/R„. [The t dependence of the form
factor of a nucleus F(t), which enters the diagram of Fig.
1, is parametrized in the form F(t)=exp(R & t/6). ] More
precisely,

(s, —ml, )

4E

where s, is the mean mass square of the diffractively pro-
duced system. For "ordinary" hadrons (made of light
u, d, s quarks and gluons) s&

—mz =(1—2) GeV and
Eo-(5—10) GeV.

For energies lower than the critical energy Eo the lon-
gitudinal size (time) of the fluctuation is less than the size
of a nucleus and it is possible to speak of successive re-

scatterings of an initial hadron on different nucleons of a
nucleus. In this energy region a coherent diffraction dis-
sociation process is impossible —it is damped by the nu-
clear form factor. However, at energies E)Eo the pic-
ture of simultaneous interaction of the initial fluctuation
with different nucleons of the nuclei described above be-
comes valid.

For production of systems containing heavy quarks Q
(c,b) or lepton pairs with large mass M the critical energy
at which the space-time picture of the interaction with
nuclei changes is much larger. Consider as an example
the production of a QQ system (J/P, g, Y, . .. ) with mass
M (M/v s «1). We will show in Sec. III that the non-
trivial nuclear effects (difference from A' for inclusive
spectra) are associated only with the diagrams where the
heavy quarks belong to the partonic Auctuation of the ini-
tial hadron (the upper blob in Fig. 1). These diagrams are
nonzero only at energies where the corresponding heavy
system can produced coherently in the diffractive process
(Figs. 4 and 5). Thus in this case (for h =N)
s&

) (M+m~) and

EM ) (M +2Mm& )R z /2+3,
which for A '~ =4 is equal to 100—200 GeV for J/f and
—10 GeV for Y.

It should also be taken into account that the mass of
the hadronic system which is produced together with QQ
(or l l ) is substantially higher than mz and increases
as x~ of the QQ decreases. In order to obtain a more real-
istic estimate of the value of s

&
let us consider the

diffractive production of a heavy-quark system QQ shown
in Fig. 5(a). Then, taking into account that M =sx, x2,
xF=x& —xz (where x& is the fraction of the momentum
of the initial hadron carried by the gluonic system which
produces a QQ pair, and x z is the momentum fraction of
the second nucleon carried by the Pomeron P) we obtain

X) =X+, X2=X

where x+ =
—,'(QxF +4M /s +xF ) and therefore

s, =xmas =M /x+.2

The value of s
&

increases as xF decreases and
s& =M&s for xF =0. In the following we will often use
the variables x+ which are simply related to the rapidity
of the heavy state x+=M/&s exp(+y). A completely
analogous result is obtained for the diffractive mechanism
shown in Fig. 5(b).

Thus the critical energy for the production of states

FIG. 3. Interaction of different components of a Auctuation
of the incoming hadron wave function with different nucleons of
the nucleus. FICx. 4. Diffractive production of a hadronic system.
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TABLE I. Values of F~ (in CxeV) for J/g, Drell-Yan (M =5
GeV) and Y for different values of x.

s, x=0 x =0.2

J/Q
DY (M = 5 GeV)
Y

10
2.5 X 10'

104

280
700

2.5X 10

70
170
650

& LV

a)

with large masses is

M RA
EM 2x v'3 (3)

The values of EM for J/P, Y and lepton-pair produc-
tion with M =5 GeV for different x~ (and A —100) are
given in Table I.

It follows from these estimates that for J/P the change
of regime occurs in the presently accessible range of ener-
gies, while for Y this will happen at higher energies.

III. PRODUCTION
OF THE LIGHT-QUARK STATES

The Reggeon diagram technique [1,3] allows to calcu-
late the contributions of Reggeon diagrams of Fig. 1 to
the elastic h A amplitude and to the cross section of parti-
cle production. In the approximation in which inelastic
diffraction dissociation is neglected, these expressions
coincide with the standard Glauber formulas

{tot)
o'""=2 d b 1 —exp — n (b)2 ~hN

(4)

FIG. 5. Diffractive production of a hadronic system accom-
panied of a Qg pair.

framework of a naive probabilistic picture as successive
interactions of the initial hadron, it should be kept in
mind that at high energies the physica1 mechanism of in-
teraction is quite difFerent as it was emphasized in Sec. II.

The A dependence of the inc1usive cross section is as
follows. For a particle a, emitted from a cut Pomeron,
one has

3 A

"Xk
d p

(the factor k refiects the fact that for k cut Pomerons the
particle a can be emitted from any of them).

This result, which is trivial in the Glauber model, is
quite general and can be proved for any set of Feynman
diagrams of "nonenhanced" type (without interactions
between Pomerons), Fig. 1.

The situation changes, however, if particle a comes
from cutting the upper blob in Fig. 1. In this case the
factor k in Eq. (7) is not present and if we neglect the ab-
sorption (final-state interaction) of a particle a the A
dependence of the inclusive cross section is

ga ~ ~ (in) ~ A2/3IhA ~ k h A
k=1

Moreover, if final-state interaction of the hadron a is pos-
sible, then a( —,

' for xF —1 [see Eq. (10) and the discus-
sion that follows it].

This results can be made more quantitative in the
framework of the DPM and QGSM. The inclusive cross
section of hadron a is written as a sum of contributions
from different chains or strings:

o'i'" '= f d b Il —exp[ o„'~'n„(b)—]], (5) fh~ —X kokFk«F pT») .
k=1

where n„(b) is a nuclear profile function in the impact
parameter space [fd b n ~ (b ) = A ]. In this approach,
using the AGK cutting rules, it is also possible to calcu-
late contributions of diagrams with fixed number of cut
Pomerons k and an arbitrary number of uncut ones (ab-
sorption). Using the same approximation that leads to
Eqs. (4) and (5), one has

u'„"(b)= exp[ —o'„'~'n „(b)] .k!
Although these formulas are sometimes interpreted in the

Note that this technique allows one to work in h 2 scattering
not with Reggeons (Pomerons) but with the full hX amplitudes.
In the following we will use the term Pomeron instead of hX
amplitude for simplicity.

In this expression the summation over an arbitrary
number m of uncut Pomerons (which leads to absorp-
tion), was performed and it was assumed that these ab-
sorptive rescatterings do not affect the structure of the
final state for a given number k of inelastic interactions.
In other words, it was assumed that the corresponding
functions Fk (xF,pT, s) do not depend on m. An
analysis of the Feynman diagrams supports this assump-
tion (see below at the end of this section). This prescrip-
tion allows one to take into account the efFects due to
momentum conservation and to study the A dependence
of inclusive cross section as a function of xF.

At large energies and small xF the functions
Fk(x~,pT, s) do not depend on k and Eq. (7) is valid.
However for xF~ 1 the momentum-conservation effects
become important. The energy of the initial hadron is
shared between the various constituents at the string
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ends. The mean energy per inelastic interactions de-
creases as their number k increases and the probability to
produce a hadron with xF~1 decreases also. Consider
as an example oz'~'F. k= f/~(x~, pT)(1 —x~)" ' (cf. Ap-
pendix A), then

f/gg fhN Jd'b n~(b) exp[ ~hlVnA(b»F] (10)

This expression for fh „coincides with Eq. (7) as
xz —+0 and it demonstrates the general rule —the
strength of the absorption increases (and the value of a
decreases) as x~~1. For x~~1 only F, survives and

fh „behaves as

d b && b exp —o&&n& b

h

b

b
h

ci

b)

FIG. 6. (a) Single-Pomeron-exchange diagram and (b) its s-
channel cut.

which for very large A gives o, = —,
' —only the edge of the

nucleus contributes. In the DPM and QGSM the func-
tions I'k are completely determined in terms of the
momentum distributions and fragmentation functions of
quarks (diquarks) in the colliding hadrons [4,5]. The ex-
ample above just illustrates the qualitative features of
DPM and QGSM. [The actual calculations show in fact
that at xF=O, a= 1 only asymptotically and at present
energies the cross section in the exponent of Eq. (10) is
multiplied by a term -x+ =mT/&s (for x~=0), which
leads to a ( 1.] These models give a good, parameter-free
description of experimental data on inclusive spectra of
light hadrons (p, K, N, A, . . . ) in hA collisions [4,5,28].
Thus momentum conservation effects lead to a definite
pattern of violation of the AGK cancellation for inclusive
spectra in DPM and QGSM.

The diagrammatic approach which is the starting point
for a consistent derivation of the Glauber-type formulas
allows us to study the validity of the prescription de-
scribed above. To illustrate this point we discuss an ex-
ample single and double rescattering diagrams. These di-
agrams and their one and two Pomeron cuttings are
shown in Figs. 6 and 7. As it was pointed out above,
there are two ways for producing particle a: the first is
connected to cutting of Pomerons and the second is due
to the presence of a in the "blob."

In the first case, the negative contribution from the di-
agrams of Fig. 7(b) is exactly canceled by the positive
contribution from the diagram of Fig. 7(c) (note that the
particle a can be taken from both chains of this diagram).
This result is valid for any kinematical configuration of
final particles. Thus in this case the AGK cancellation is
exact and is not influenced by momentum conservation.
This is the derivation of Eq. (7) in terms of Reggeon dia-
grams.

FIG. 7. (a) Double-Pomeron-exchange diagram and (b) its s-
channel cuttings across one Pomeron and (c) two Pomerons.

On the contrary, when particle a is emitted from the
"blob, " the AGK cancellation is no longer valid. This
contribution is important mainly in the fragmentation re-
gion of the projectile and leads to a modification of the
A ' dependence due to absorption. Note that the absorp-
tion does not change the structure of the final state [com-
pare Figs. 6(b) and 7(b)] justifying an assumption made in
deriving Eq. (9). Note also that this absorption is deter-
mined by the cross section o.,& of the produced particle
with a nucleon and not by the cross section o.

h& of the in-
itial hadron h, as in Eq. (9). Thus the usual prescription
of Eq. (9) is justified only if the cross sections of all the
"constituents" are approximately equal. This is true for
particles made of light quarks (especially in DPM and
QGSM, where the "constituents" are not some special
hadrons but colorless pieces of strings with universal dis-
tribution of their ends). On the other hand, particles
made of heavy quarks can have cross sections of interac-
tion with nucleons substantially different from cr Jv (or
o») as well as different distributions functions, and the
results of the diagrammatic approach have to be taken
into account.

IV. DRELL-YAN PROCESS

It is a widely spread belief that a hard process should
have an A ' dependence. However, this conclusion can-
not be universal as it is intuitively clear that for a macro-
scopic lump of matter the incident beam will be damped,
so the process cannot proceed independently on all nu-
cleons of the target [16]. At available energies the experi-
mental data on Drell-Yan process demonstrate the
behavior with a good accuracy. So in our approach we
should understand this behavior and determine the re-
gions where the A ' dependence breaks.

To proceed let us summarize the conclusions of the
previous section. For the production of an arbitrary par-
ticle a there are two different contributions.

(i) If the particle a is emitted from a cut Pomeron, the
inclusive cross section behaves as 3'. More precisely,
contributions to the inclusive cross section due to cutting
of Pomerons in Fig. 1 always cancel for any number of
exchanged Pomerons n ~2. The single interaction dia-
gram n = 1 [Fig. 8(a)] leads to the A ' behavior.

(ii) If the particle a is produced in the upper "blob"
[Fig. 8(b)], the A ' behavior is no longer true, and the A

dependence is influenced in general by the value of the
cross section cr,~.

~This problem has been studied in detail by Braun [15].
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a) b)
FIG. 8. Inclusive production of a particle a emitted (a) from

a Pomeron propagator and (b) from the upper blob.

M RA

S 2E v3 (12)

For energies E &EM the contribution of the rescattering
diagrams of Fig. 9 is zero and an 3 ' dependence is ob-
tained. Let us note that some of the cuttings of this dia-
gram are not zero, but they are modified from the AGK
values due to the same r;„effect [8]. For example for a
two-Pomeron-exchange diagram the coefficients for cut-
tings corresponding to diffraction dissociation, absorp-
tion (cutting of one Pomeron) and cutting of two Pome-
rons change from +1, —4, +2 at E )EM to 0, —2, +2
at E &EM. The sum of all contributions at low energies
is zero as it should be. Physically this result is due to the
fact that for E &EM the coherence length of the Auctua-
tion is smaller than the size of the nucleus and the longi-
tudinal ordering of nucleons becomes important.

h ~in~

In the case of heavy lepton-pair production the system
a =l+I does not interact strongly with nucleons. On
the other hand, other partons in the initial configuration
can interact with different nucleons of a nucleus (Fig. 9)
and lead to a modification of the A ' dependence. How-
ever a heavy fluctuation with mass Qs, )M&+ I

can lead

to nonzero rescattering effects in nucleus only for large
enough energies, as it was explained in Sec. II. Accord-
ing to Eq. (3) the critical energy is

m~R g
sM =2m&EM =

x+ 3

For fixed energy few can introduce the critical values of
x+ andy:

FIG. 10. Enhanced diagram for the inclusive production of
particle a.

Triggering on the lepton pair does not modify the rela-
tions between different cuttings, so the inclusive cross
section for heavy lepton-pair production for E &EM is
not inAuenced by the rescattering effects and behaves as

In the perturbative QCD formulation, where l+l
production is due to qq annihilation, the value of x2
[momentum fraction of a quark (antiquark) from a nu-
cleus] is given by x2=x =M /sx+. So the condition
s )sM for the existence of rescattering effects corre-
sponds in this language to the condition

crit-
xx &x2w =

m~R~
(13)

which is well known from the studies of screening effects
in the structure functions of nuclei [17—19]. Thus for
heavy lepton-pair production an 3 dependence different
from A' can be obtained only for very small values of

5x2.
Let us consider the interaction of soft partons in the in-

itial configuration, with nucleons of the target. The in-
teraction of these soft partons corresponds to the Reg-
geon diagram shown in Fig. 10. (Graphs of the eikonal
type are not present here since the DY pair does not in-
teract and therefore the pole contribution is not present.
Thus the absorptive corrections to lepton-pair production
are expected to be small even at E )EM. ) The diagram
of Fig. 10 with only the P pole contribution factorizes
and leads to an 3 dependence of inclusive cross section
which can be absorbed into a function of only one vari-
able xz =M /sx+. The same function describes the
small-x dependence of structure functions of nuclei as
measured in deep inelastic scattering (Fig. 11). So this
contribution to the Drell-Yan process is in agreement
with the factorization theorem proved in perturbative
QCD [20]. However, in principle, there can be nonfac-
torizable pieces for example due to secondary-Reggeon
(R ) contributions in the diagram in Fig. 10.

The result obtained above for the factorizab1e piece is
consistent with the standard theoretical interpretation of

FIG. 9. Nonplanar diagram for the case when a constituent a
of the upper blob does not interact with nucleons.

5We do not discuss here the modification of the nuclear struc-
ture function at large x2 0.2 due to non-nucleonic degrees of
freedom.
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FIG. 11. Triple-Pomeron diagram for the nucleon structure
function at small x.

hard processes on nuclei, where the difference of the 3
dependence of nuclear structure functions from A ' in the
region of small x is attributed to the shadowing of par-
tons belonging to different nucleons of a nucleus. Note
that the same effect can be considered as a result of re-
scatterings of soft partons of the initial partonic Auctua-
tion on different nucleons of a nucleus. The first interpre-
tation is relevant in the system where a nucleus has a
large momentum, while the second one is more natural in
the rest system of a nucleus. So one should not take into
account both effects simultaneously to avoid potential
double counting. This problem is avoided with the use of
the Reggeon diagram technique.

To conclude this section we discuss an interesting ques-
tion posed at its beginning: what are the distances where
the classical picture of the beam absorption in matter is
restored? For this purpose let us consider the Drell-Yan
process at very large fixed energy as a function of the lon-
gitudinal distance r between nucleons of the target. At
distances r & rM =2Ex+ /M there will be the shadowing
discussed above and the 3 dependence is different from

(a&1). When rM &r &rc —Elm@ only—nonplanar
diagrams are important, but the shadowing is absent, and
the inclusive cross section behaves as 3'. The new re-
gime takes place at extremely large values of r ) ro. In
this region the planar diagrams of the type shown in Fig.
2 become important, while all nonplanar diagrams (even
with light-quark states in the blob) are zero. It follows
from the analysis of diagrams that in this region a simple
classical probabilistic picture of successive interactions of
the initial hadron is restored [8]. Thus for this large dis-
tances an "absorption of the beam" takes place.

the "intrinsic charm" mechanism with the difference
that, according to Regge dynamics, it starts to work only
at energies large enough, E )EM (see also Sec. VII).

In this section we will be interested in the interaction
of the second type, when the heavy-quark state interacts
with the nucleus.

We can imagine two different mechanisms for this in-
teraction depending on the color state of the pair. If QQ
is produced in a colorless state the value of the interac-
tion cross section presumably decreases with the mass of
the heavy quark. This colorless system has a long forma-
tion time [13] of order of E/Mp, where M is its mass.
(Because of the Chudakov effect this system interacts as a
dipole. ) On the other hand, if this system interacts, it is
easily absorbed transforming into mesons with open
heavy flavor. (B) The QQ pair is produced in a color state
and is accompanied by light quarks in order to make the
system colorless. This mechanism is natural in DPM and
QGSM if string breaks due to QQ-pair creation. In this
case a pair of heavy hadrons is produced (for example,
DD, BB,. . . ). We will denote this colorless system of
heavy and light quarks as "QQ" for short. This system
goes through the nucleus interacting with a comparative-
ly large cross section due to the presence of light quarks.
As a consequence the difference between light- and
heavy-quark systems regarding their interaction cross
section (see the discussion at the end of Sec. III) turns out
to be rather unessential. The interactions of the "QQ"
system can be both elastic and inelastic. After inelastic
interaction the "QQ" system loses a part of its momen-
tum due to extra particle production. With some small
probability the "QQ" system can transform into a color-
less QQ system (J/f, Y) plus light hadrons.

In this paper we will concentrate on mechanism (B)
suggesting that it is the dominant one. Let us discuss the
main properties of this mechanism, limiting for simplicity
the discussion to the case of single rescattering. More
general formulas will be used in Sec. VI. The diagrams
corresponding to the elastic and inelastic rescatterings
are shown in Fig. 12. For Fig. 12(a) the "QQ" momen-
tum distribution is the same as for the diagram without
rescatterings, i.e. , F, ( x). For Fig. 12(b) with inelastic
rescattering the momentum distribution F2(xF) is softer
than F, (xF) due to production of extra particles. If we
denote the probabihty for the system "QQ" to have a
fraction z of the initial "QQ" momentum after inelastic
rescattering as G ~~(z), then

V. PRODUCTION OF HEAVY-QUARK STATES

An essential difference between the production of lep-
ton pairs and heavy-quark QQ states ( J/P, f', g, Y,Y', . . . )

is that in the latter case strong interaction with nucleons
is possible.

Consider a fluctuation of the initial hadron containing
a pair QQ and a number of ordinary light quarks. There
are two types of interaction of this Auctuation with target
nucleons. The first one is an interaction of light-quark
hadrons, which accompany the heavy-quark system.
This interaction is of the same type as in Drell-Yan case
and was discussed in the previous section. It reminds of

N/

b)

FICx. 12. (a) Elastic and (b) inelastic rescattering of a QQ sys-
tem. The latter does not have to be the leading one.
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FQQ —FQQg GQQ (14)

VI. THE PHKNOMENOLOGICAL MODEL
AND DESCRIPTION OF EXPERIMENT

Now we can construct a phenomenological model,
which takes into account the theoretical ideas of the pre-
vious sections. Let us consider first Drell-Yan pair pro-
duction.

Interactions of the soft partons of the type shown in
Fig. 9 lead to an inclusive cross section of the nonin-
teracting system described by the enhanced diagram of
Fig. 10. We take them into account using the Schwim-
mer formula [21], which gives the result of summing all

This difference between the functions I'
&

and F& is responsible
of the fact that, contrary to DY production, the t;„effect does
not cancel the absorptive corrections at E &EM. Indeed from
the discussion in Sec. IV [just below Eq. (12)] we see that, for
DY production, the cancellation of the absorptive corrections at
E & EM is due to the AC&K weights of the single and double
Pomeron cuttings (respectively —2 and +2). For heavy-Aavor
production the contribution of the first cutting is multiplied by
I'

& (xF ) and that of the second one by I'2(xF ) thereby preventing
the cancellation at E & E~.

where the sign @ means a convolution operation (see the
Appendix A for details). To obtain the momentum distri-
bution of a final particle a the functions FQ&Q, F2QQ must
be convoluted with some new function G'(z), determin-
ing the probability for "QQ" to go into particle a:

F,.'=F,.QQ@G', i =1,2 .

If functions F', and F2 were identical the AGK cancel-
lation would be valid, leading to an A ' dependence. Be-
cause the function F2 decreases faster than F& as xz —+1,
absorptive corrections are present. This is exactly the
same effect discussed in Sec. III for light quarks. The
only quantitative difference between the two cases resides
in the mass of the quark Q. The "QQ" system produced
in the second interaction (Fig. 12) carries a larger fraction
of the primary-"QQ" momentum than for light-quark
systems and thus the difference between F', (xF) and
Fz(xF) will be concentrated in a region of xF closer to
unity as the mass of the "QQ" system increases.

Another source of absorptive corrections within mech-
anism (8) is that, generally speaking, the projection of the
"QQ" state on the wave function of particle a can be
different for diagrams with different number of rescatter-
ings. In the phenomenological model of Sec. VI we will
take into account this effect by introducing an additional
parameter e. Note that this parameter can also account
for a possible absorption resulting from mechanism (A).
Thus the interesting problem arises of separating these
two mechanisms.

In conclusion, the main result of this section is that the
absorption due to "QQ" interaction persists even at ener-
gies E & EM and increases with xF.

diagrams with multiple triple-Pomeron interactions. At
high energies E & EM the inclusive cross section due to
this contribution has the form

n„(b)
fh „(x~,pT ) =fh~(x~, pT ) J db, (16)

where the function C(x+ ) comes from rapidity integra-
tion

C(x+ ) =g(y —y'"') =g ln(x+ /x'+'), (17)

where gh (0) is the Pomeron-nucleon coupling at t =0.
The value of rppp can be determined from the study of
the high-mass diffractive production (see, e.g., Ref. [22]).
We take also into account the PPR-term contribution by
increasing somewhat the value of the constant g (g =1
mb).

At energies E &EM the double rescattering graph of
Fig. 10 is damped by a factor

4 —= exp( R „t;„/3 ) = exp [ —(x ~+"' /x + ) )

(with R„=(0.822' +0.58) fm [23]}. For high ener-
gies this factor is close to unity. So to generalize Eq. (16)
to all values of E we write

n„(b}
fhA(xF~PT) fhN(xF~PT) f d

1+n„(b)C(x+ )N

(19)

where

C(x+ ) =g ln(1+x 2'„"/x2) .

For subcritical energies E & E~, where 4 && 1, we
have an A ' behavior,

fhA(xF~PT } ~fbi(xF~PT }

We suggest, of course, as everywhere above, that not Pome-
rons but full hN amplitudes enter the Schwimmer formula in the
spirit of Ref. [8].Multi-"Pomeron" couplings have the meaning
of effective ones. To simplify the model we retain only triple-
Pomeron vertices neglecting quartic- and higher couplings.
With these approximation the formulae of Ref. [8] are
equivalent to Eq. (16).

In the absence of the form factor N the rapidity integration
leads to Eq. (17). The modification of the function C(~F) takes
into account, in an approximate way, the effect of the form fac-
tor in the rapidity integration and ensures the positivity of this
function.

or, in terms of the Bjorken variable x 2,

C =g ln(xz'„"/xz) .

Here x+" and y"" are determined by Eq. (12) and x z„" by
Eq. (13).

The constant g is connected to the value of the triple-
Pomeron coupling rppp(0):

g =2mrppp(0)g~(0),
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(a)
but for E )E~ deviations from this dependence are
present in Eq. (19).

To determine the constant g more precisely one can use
experimental data on deep inelastic processes. The
dependence of nuclear structure functions is expressed as

n„(b)
F2„(x2) Jd b

1+n„(b)C(x+ ) exp[ —(x2/x2'~ ) ]

(20)
0„7—

06
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1.2
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A F2D 11-
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This formula determines the screening effects in the low-
xz region. (A similar expression was found in Ref. [19].)

A comparison of the expression (20) for g = 1 mb with
the available experimental data [24,25] on deep inelastic
scattering on nuclei is shown in Fig. 13. The model
reproduces the magnitude and xz dependence of the data
(parton screening).

For the Drell-Yan process it follows from Eq. (19) that
at present energies and masses M ~ 5 GeV the deviations
from the A ' dependence are very small, especially in the
region of small xF. Only at the highest available energy
and for xF )0.4 there are small but measurable
differences of aD~ from unity. It is shown in Fig. 14 that
our prediction agrees with experimental data of the E772
Collaboration [11].

Consider now heavy-quark-state production. In this
case Eq. (19) should be modified in order to take into ac-
count the "QQ" interactions. We write, in this case,

F2C

12 F2D

1-0-

(c) fbi (xF~PT ) fhN(xF~PT )

nA (b)A [g(x+ )crgy n„(b)]
X d'b

1+n„(b)C(x+ )@

(21)

The absorbtion factor A (see the Appendix)

A (z)= [1—exp( —z) ]/z, (22)

0.8
0.001 0.0 1 0. 1

where z=g(x+ )o&&n„(b), g(x+ )=(1—e)+ex~+, and
o.

&&, e, and y are some phenomenological parameters,
which depend on the type of quark Q.

To describe J/P production on nuclei we use expres-

F Ca

F2D

10"

(d}

1.2

0.9-

0.6-

0.8-

0.7
0.001 001 01

X

0.4-
0 Q3/4, (x)

0-2-

FIG. 13. Description of the data on (2/A )(F» /F») for (a)
A =12 (data from Ref. [24]), (b) A =65 (data from Refs. [24]),
(c) A = 12 (data from Ref. [25]) and (d) A =40 (data from Ref.
[25]).

0.0
0 0 0. 2 0.4 0.6

I

0.8 1. 0
X

FICi. 14. Dependence on x of a(x) for Drell-Yan and J/1(j
production at 800 OeV (data from Refs [11]). .
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FICr. 17. The values of T„/TD in pA interactions at 800
GeV/c for (a) C/D, (b) Ca/D, (c) Fe/D, and (d) W/D (data from
Refs. [11]).

Most of the present theoretical models for J/1( produc-
tion in hA and AA collisions [13] use some qualitative
arguments, based on a semiclassical picture of hadronic
interactions like "production" or "formation times. "
These notions are often not very well defined and can
sometimes be misleading. The difference between the cas-
cade models with "formation time" and the Reggeon ap-
proach, based on the analysis of Feynman diagrams has
been demonstrated in Ref. [8]. For J/1t production, the
models with "formation time" which increases propor-
tionally to the energy of J/f, predict a decrease of the
absorption effects as E& increases, contrary to the experi-
mental observations. The latter show that at a given en-
ergy absorption increases with x~ (and thus with E&),
and this increase starts at lower values of xF as the initial
energy increases. In Refs. [13(a),13(f)] an interaction
with "comovers" was introduced. However, this interac-
tion cannot explain the strong increase of absorption
with xF.

In Ref. [27(a)] an "intrinsic charm" component was
proposed to explain the observed A dependence of J/P
production on xF. Interaction with "comovers, " final-
state interaction with the "formation time" taken into ac-
count and shadowing in nuclear structure functions are
also included in a recent quantitative description of ex-
periment [27(b)]. It is assumed in this model that there is
an "intrinsic charm" component in the initial hadron,
which consists of a cc state and usual soft quarks and
gluons. Strong interaction of these soft partons with nu-
cleons leads to an A ~ behavior of J/g inclusive cross
section in the region of xz —1, because J/1t in this com-
ponent carries a large part of the initial hadron energy.

In our approach the equivalent mechanism is the one
described by the diagram of Fig. 9. We have shown that
at E & EM this contribution is suppressed due to the t
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effect discussed in Sec. II. At E )E~ this mechanism is
not suppressed and for x not too close to one is essentially
described by the enhanced diagram of Fig. 10. Because
of the smallness of the triple-Pomeron coupling it does
not lead to big effects. Note that this mechanism is just a
shadowing of the nucleon structure function.

Our explanation of the decrease of a&(xz) with increas-
ing x~ is based on a similar mechanism —except that the
heavy-quark system (and not only the light quarks) parti-
cipates in the interaction (i.e., there is rescattering of the
heavy-quark system). In this sense such a mechanism
combines features of both the intrinsic charm one and the
comovers interaction. The mechanism is similar to the
one for light hadrons: interactions of the QQ pair taking
into account energy-momentum conservation. Note that
these effects do not decrease as the energy increases be-
cause for large energies, when the "formation time" is
larger than the size of the nucleus, the fluctuation is
prepared before it reaches the nucleus (see Sec. II).

Finally it is important to mention a recent discussion
on new QCD production mechanisms for hard processes
at x close to one [29]. It is shown in this paper that
higher-twist subprocesses are not suppressed in the high
x~ regime with (1—x~)Q fixed. In this regime the in-
trinsic charm mechanism of Ref. [27] may become dom-
inant at large enough energies.

VIII. CONCLUSIONS

We have presented a unified picture of the production
of hadrons made of either light or heavy quarks and of
Drell-Yan pair production. The observed 3 dependence
for all these processes can be qualitatively understood
and the available experimental data are well described in
a simple phenomenological model. The important role of
a new high-energy scale, which arised for heavy particle
production on nuclei, is emphasized.

It follows from our approach that there are rescatter-
ing effects, which can lead to violation of the factoriza-
tion theorem of perturbative QCD. For heavy lepton-
pair production the main (3P)-contribution is factoriz-
able, while for heavy-quark production there is a big
eff'ect (especially for x~~ 1 ), which leads to a violation of
facto rization.

Investigation of the properties of J/g (]tj',y, . . . ) pro-
duction in h A collisions is important for understanding
the mechanism of J/]tt suppression in nucleus-nucleus
collisions.

The same method, based on the Glauber-Gribov ap-
proach, can be used also for these processes. Application
of the model considered above to AB collisions is in pro-
gress. However, it can be anticipated that the results will
be very close to those obtained in Ref. [13(e)].

Finally we summarize some of the predictions of our
approach for future experiments.

(a) Cross sections for heavy-lepton production will de-
viate from an 2 ' behavior with increasing energies. The
characteristic energy scale is given by Eq. (3).

(b) The value of a &(xz ) must gradually decrease as en-
ergy increases in the region of low xz. At xz —1, a~(x~)
is practically energy independent for E ~ 100 GeV.
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APPENDIX

In this Appendix we describe the absorption model
with a single dominant channel ( "QQ" state). After mul-
tiple rescatterings this state eventually transforms into a
given particle a plus hadrons.

Let the x+ distribution of the "QQ" system produced
in hN interaction be FP~(x+ ). Moving through the nu-
cleus the "QQ" system can rescatter both elastically (not
changing its momentum) and in elastically. In the latter
case it can either lose some part of its momentum, or
"disappear, " producing other heavy-quark states weakly
coupled to particle a. We parametrize the probability to
produce these states in a single rescattering by a parame-
ter (1—e). So for k inelastic rescatterings the probability
to remain a "QQ" state is proportional to e.".

The change of the momentum under the rescattering
can be characterized by some function G~~. Thus

F/, +](x+ )=6 F],(x)G (x+ /x) .
dx gg

++

We will denote this convolution as

(A 1)

Fk+] =&Fk G (A2)

After production (and rescatterings) the "QQ" system
transforms into the particle a and some hadrons. This
stage can be characterized by a convolution with some
new function G'(z):

Fa F«@Ga
k k (A3)

It is important that the ordering of convolutions can be
changed, so that

, =ekF«zG e G«, (A4)

where Gk« is a k-fold convolution of 6«'s. As a result,
we can use instead of two unknown functions F~&~ and G'

(c) For bb states (r, "r', . . . )a(xz) should be practically
x~ independent up to x~=0.7—0.8. At larger x~ it
should decrease due to momentum-conservation effects.

(d) The decrease of a~(x~) with energy starts at ener-
gies higher than the ones presently available. (See Table
I.)

(e) The strength of the absorption at xz ——1, and conse-
quently the values of a(x~ —1) should be approximately
the same for different states made out of quarks of the
same type (e.g., g, g', y, , DD, . . . ).

All these predictions can be checked at future accelera-
tors with nuclear beams, as the BNL Relativistic Heavy
Ion Collider and CERN Large Hadron Collider.
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the function F t (x+ ) which can be taken from experimen-
tal data on a spectra in hadron-nucleon.

Let us parameterize the functions F;(x+ ) and G~~(z)
in the form

F
~ (x+ ) =C, ( 1 —x+ ) ', G ~2(z) =P&&z ~~, (A5)

Ft', +, (x+ ) =F;(x+ )e"( I —xr+ )", (A6)

where y is a parameter, which increases with the mass of
the produced system. Numerical estimates, based on
Eqs. (A4) and (A5) and the discussion that follows it, give
y=1.5 —2. 5 for cc states and y=4 —5 for bb systems.

where the function G&&(z) satisfies a normalization con-
dition due to heavy-quark conservation:

gg dz
0 Z

The mean value of the momentum carried by the
"QQ" state after an inelastic collision is
z =p&C7(1+p&& ). A simple estimate gives
z =M&y/(M&y+ p)„where p is some characteristic scale
for light hadrons (p-m ). Thus z —+ I and P&& increases
with an increase of M&&. It follows from Eqs. (A4) and

(A5) that Fk +, (0)=C, e". The difference between
Fk(x+ ) and Fk+, (x+ ) is mainly concentrated in the re-
gion of x+ close to unity. For cc states parameters of the
function F;(x+ ) can be determined from the data on
J/g production in hN collisions [12]. The value of the
parameter P can be estimated from the data on the
spectra of J/g in photo- and electroproduction [26].
This data show that J/P carries a substantial fraction of
the initial momentum of the photon (i.e., of the cc pair
into which the photon transforms) and 13, ~ 6.

To simplify the model we will use a simple parametriz-
ation of Fk in a form that rejects the softening of these
functions as k increases and is consistent with the discus-
sion above:

We turn next to the expression of the cross sections
o.k+, involving one interaction in which the "QQ" sys-
tem is formed and k inelastic rescatterings of this system.
These cross sections have a di6'erent form in the high-
energy region E )EM and at low energies.

At energies E &EM the rescatterings are ordered in
longitudinal direction and the cross sections are

n~(b) ( any v)

at, +&= f d b ob&dv exp( —o&&v) .
0 k!

(A7)

Thus at these energies the absorption is determined by
the formula

fb~«+)= & akFk(x+)
k =1

=fb&(x+ ) f d d f dv exp[ —g(x+ )a —v]
0

1 —exp[ —g(x+ )a n~ (—b) ]

g(x+ )aug

(AS)

where the function fbtv(x+ )= cr b„F;(x+ ) and
g(x+ ) = ( 1 —e)+ ex r+ determines the x + dependence of
the strength of the shadowing. With g(x+ )=1 one re-
covers the well-known Glauber formula with longitudinal
ordering (cf. Eq. (1) of Ref. [13(c)]}.We recover in this
way the absorption factor A (z) in Eqs. (22).

At high energies E )E~, t;„eA'ects are not important
and, as a result, Eqs. (A7) and (A8) are modified. Fur-
thermore, coherent di6'ractive production of heavy states
becomes possible. When both eftects are taken into ac-
count the transition between the two energy regions is
rather smooth. In particular, for x+ —1 the absorption
factor coincides with the low-energy one [Eq. (A8)] to
lowest order. For this reason, and also for simplicity, we
use Eq. (A8) in the whole energy region.
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