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We have extended the interacting gluon model to calculate diffractive mass spectra generated in hadronic
collisions. We show that it is possible to treat both diffractive and nondiffractive events on the same footing,
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dence of diffractive mass spectra is addressed. They show a moderate narrowing at increasing energies.
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PACS number~s!: 13.85.Qk, 11.55.Jy

I. INTRODUCTION

In the last years, diffractive scattering processes have re-
ceived increasing attention for several reasons. These pro-
cesses may, for example, explain many features of particle
production and, in particular, heavy flavor production@1# and
Centauro events@2#. They are also related to the large rapid-
ity gap physics and the structure of the Pomeron@3#. In a
diffractive scattering, one of the incoming hadrons emerges
from the collision only slightly deflected and there is a large
rapidity gap between it and the other final state particles
resulted from the other excited hadron. In some models dif-
fraction is due to the Pomeron exchange but the exact nature
of the Pomeron in QCD is not elucidated yet. The first test of
a theory~or a model! of diffractive dissociation~DD! is the
ability to properly describe the mass (MX) distribution of
diffractive systems, which has been measured in many ex-
periments@4# and parametrized as (MX

2)2a with a.1. Data
presented in@4# were taken at the Fermilab Tevatron collider
(As51.8 TeV!. They allow us to make comparison with
CERN @5# lower energies data and observe the energy de-
pendence of the mass spectrum. In the old Regge theory, the
assumption of Pomeron dominance implies that the mass
spectrum behaves like 1/MX

2 and does not depend on the
energy@6# whereas in@4# a slight deviation from this behav-
ior was reported.

In this work we intend to study diffractive mass distribu-
tions using the interacting gluon model~IGM! developed by
us recently@7–9#. In particular, we are interested in the en-
ergy dependence of these distributions and their connection
with inelasticity distributions@10,8#. One advantage of the
IGM is that it was designed in such a way that the energy-
momentum conservation is taken care of before all other dy-

namical aspects. This feature makes it very appropriate for
the study of energy flow in high energy hadronic and nuclear
reactions@7–9# and in cosmic ray studies@10#. In particular,
as shown in@8,9#, the IGM was very useful in analyzing data
and making predictions on the behavior of inelasticities and
leading particle spectra, including leading charm production
@11#. The aim of the present work is to demonstrate that the
main characteristics of the DD processes mentioned above
emerge naturally from the standard IGM, enlarging pro-
foundly its range of applications. In the following section we
present for readers’ convenience the basic elements of the
IGM. It is then applied to DD processes in Sec. III where we
also carefully explain what DD means in terms of the IGM
and how it differs from the conventional Regge Pomeron
approach. Section IV contains our numerical results and
comparison with data and the last section is devoted to our
conclusions.

II. INTERACTING GLUON MODEL

A. General ideas

The interacting gluon model is based on the following
idea@12#: since about half of a hadron momentum is carried
by gluons and since gluons interact more strongly than
quarks, during a collision there is a separation of constitu-
ents. Valence quarks tend to be fast forming leading particles
whereas gluons tend to be stopped in the central rapidity
region. This picture is consistent with string formation and
fragmentation as it is formulated in the Lund model or in the
dual parton model. These models are based on the concept of
string and were constructed to work at low average trans-
verse momenta. When, in the late eighties, the energy of
hadronic collisions increased by more than one order of mag-
nitude it became necessary to incorporate the concept of par-
ton and of hard and semihard collisions. The latter are colli-
sions between partons at a moderate scale@Q2.(2GeV)2#
which, however, still allows for the use of perturbative QCD.
The scattered partons form the so-called minijets. At
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As5540 GeV the minijet cross section is already 25% of the
total inelastic cross section. A new generation of models ap-
peared using the concept of parton and the QCD parton
model formalism and trying to understand minimum-bias
multiparticle physics extending the parton model to semihard
~moderate! energy scales. Among these models we mention
those presented by Gaisser and Stanev@13#, Sjostrand@14#,
Wang @15#, and Geiger@16#. The IGM belongs to this class
of models. In all these models one finds at a certain point
expresssions of the type

E
Q2

1

dx1E
Q2/x1

1

dx2f ~x1 ,Q
2! f ~x2 ,Q

2!s~x1 ,x2 ,Q
2!, ~1!

wheref ands are parton momentum distribution and parton-
parton elementary cross section, respectively.Q2 is the scale.
Apart from some ambiguity in choosing the scale, these
models have to face the problem that even at very high en-
ergies a significant part of a hadronic collision occurs at
scales lower than the semihard one. At this pointf ands are
not very well known. The attitude taken in HIJING@15#, in
the parton cascade model@16#, and also in the IGM is to
extrapolate these quantities to lower scales. These extrapola-
tions can be continuously improved, especially in view of the
advance of our knowledge on nonperturbative effects. There
are, for example, models for distribution functions which
work at scales as low as 0.3 GeV2 @17#. As for s one can
compute nonperturbative effects in the context of an operator
product expansion@18#. In spite of these limitations these
models have the advantage of dealing with partons and being
thus prepared to incorporate perturbative QCD in a natural
way. This is welcome since perturbative processes are ex-
pected to be increasingly important at higher energies. Com-
pared to the other models mentioned above, the IGM is sim-
pler because it is designed to study energy flow and makes
no attempt to calculate cross sections or to follow hadroni-
zation in great detail. This simplifies the calculations and
avoids time consuming numerical simulations. The most im-
portant aspect of the IGM, shared with those models, is the
assumption of multiple parton-parton incoherent scattering
which is implicit in the Poissonian distribution of the number
of parton-parton collisions~which is also used in Refs.
@14,13,15#! used below. In going to lower resolution scales
this independent collision approximation becomes question-
able. On the other hand, lattice QCD calculations@19# in the
strong coupling regime indicate that the typical correlation
length of the soft gluon fields is around 0.2 fm. This is still
smaller than the typical hadronic size. Therefore the indepen-
dent collision approximation may still be a reasonable one.
From the practical point of view, it was shown in@7# that
replacing the Poissonian distribution by a broader one does
not affect the results significantly as long as some mass scale
is introduced to cut off the very lowx region.

B. Formulation of the model

The IGM is based on the assumed dominance of hadronic
collisions by gluonic interactions@12# and can be summa-
rized as follows@7# @cf. Fig. 1~a!#.

~i! The two colliding hadrons are represented by valence
quarks carrying their quantum numbers~charges! plus the

accompanying clouds of gluons~which represent also the sea
qq̄ pairs and therefore should be regarded as effective ones!.

~ii ! In the course of a collision gluonic clouds interact
strongly and form a gluoniccentral fireball ~CF! located in
the central region of the reaction.

~iii ! The valence quarks~plus those gluons which did not
interact! get excited and formleading jets~LJ’s! ~or beam
jets! which then populate mainly the fragmentation regions
of the reaction.

It should be stressed that the IGM has been formulated
originally in order to give the initial conditions for hydrody-
namical models by providing in a dynamical way the so-
called inelasticity of the reaction understood usually as the
~invariant! fraction of energy stored in the CF:

K5Ax•y, ~2!

with x and y being the fractions of the initial energy-
momenta of the respective projectiles allocated to the CF.
This variable and, in particular, its energy dependence is of
vital importance in cosmic ray studies as it is the necessary
ingredient allowing to deduce any elementary information
from cosmic ray experiments@10#.

FIG. 1. IGM description of a proton-proton scattering:~a! gen-
eral case;~b! with the formation of a diffractive system of invariant
massMX .
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According to the IGM, pairs of gluons collide and form
‘‘minifireballs’’ ~MF’s!. In collisions at higher scales a
minifireball is the same as a pair of minijets or jets. In the
study of energy flow the details of fragmentation and hadron
production are not important. Most of the MF’s will be in the
central region and we assume that they coalesce forming the
CF. The probability to form a fireball carrying momentum
fractionsx andy of two colliding hadrons is defined as the
sum over~an undefined numbern of! MF’s @7#:

x~x,y!5(
$ni %

dS x2(
i
nixi D dS y2(

i
niyi D)

$ni %
P~ni !

~3!

~all masses and transverse momenta are neglected in what
follows!. The distribution of the number of MF’s is given by
P(ni) for which we use Poisson distributions:

P~ni !5
~ n̄i !

niexp~2n̄i !

ni !
~4!

corresponding to independent production. Expressing the
delta functions via Fourier integrals one can perform all sum-
mations, transform certain summations overn̄i into integrals,
and make the replacementdn̄i /dxdy5v(x,y) arriving at
the general formula@7#:

x~x,y!5
x0

2pADxy

expH 2
1

2Dxy
@^y2&~x2^x&!2

1^x2&~y2^y&!222^xy&~x2^x&!~y2^y&!#J ,
~5!

where

Dxy5^x2&^y2&2^xy&2

and

^xnym&5E
0

1

dxxnE
0

1

dyymv~x,y!, ~6!

with x0 being a normalization factor defined by the condition
that

E
0

1

dxE
0

1

dyx~x,y!Q~xy2Kmin
2 !51 ~7!

with Kmin5m0 /As being the minimal inelasticity defined by
the massm0 of the lightest possible CF. The, so-called, spec-
tral functionv(x,y) contains all the dynamical input of the
IGM in the general form of~cf. @9#!

v~x,y!5
sgg~xys!

s~s!
G~x!G~y!Q~xy2Kmin

2 !, ~8!

whereG’s denote the effective number of gluons from the
corresponding projectiles~approximated by the respective
gluonic structure functions! andsgg ands the gluonic and

hadronic cross sections, respectively. These are basic formu-
las of the IGM from which all its applications are derived
@20–24#.

III. DIFFRACTIVE DISSOCIATION
IN THE IGM APPROACH

It is now quite straightforward to extend the IGM also to
diffractive dissociation processes. In Fig. 1~b! we show sche-
matically the IGM picture of a diffractive dissociation event.
Unlike in Fig. 1~a! here only one of the protons loses a
fractionx of its original momentum and gets excited forming
a LJ carryingxL512x fraction of the initial momentum.
The other one, which we shall call here the diffracted proton,
loses only a fractiony of its momentum but otherwise re-
mains intact@25#. In the standard IGM presented in the pre-
vious section we were computing the probabilityx(x,y) of
depositing energy fractionsx andy in the central region in
the form of gluonic CF of massM5Axys, which subse-
quently was decaying and producing particles. Here we shall
be rather interested in the massMX , a new variable in our
problem, which, as can be seen in Fig. 1~b!, is just the in-
variant mass of a system composed of the CF and the leading
jet formed by one of the colliding protons~we shall call it
also diffractive mass!. Denoting byEL and PL the energy
and momentum of the upper@in Fig. 1~b!# proton and by
W andP the energy and momentum of the CF,

PL5EL5
As
2

~12x!, P5
As
2

~x2y!, W5
As
2

~x1y!,

~9!

the energyEX and momentumPX of the diffractive cluster
are given by

EX5EL1W5
As
2

~11y! and PX5PL1P5
As
2

~12y!

~10!

leading to the following expressions for the mass of our dif-
fractive cluster,MX , and its rapidityYX :

MX5AEX
22PX

25As•y, ~11!

YX5
1

2
ln
EX1PX

EX2PX
5
1

2
ln
1

y
, ~12!

whereAs is the invariant energy of thepp system. We are
working in the center-of-mass~c.m.! frame of the incoming
nucleons. All masses have been neglected@26#.

In the limit y→1, the whole available energy is stored in
MX which remains then at rest, i.e.,YX50. For small values
of y we have small massesMX located at large rapidities
YX . In order to regard our process as being truly of the DD
type we must assume that all gluons from the target proton
participating in the collision@i.e., those emitted from the
lower vertex in Fig. 1~b!# have to form a color singlet. Only
then a large rapidity gap will form separating the diffracted
proton ~in the lower part of our Fig. 1! and theMX system
~in its upper part!, which is the experimental requirement
defining a diffractive event. Otherwise a color string would
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develop, connecting the diffracted proton and the diffractive
cluster, and would eventually decay, filling the rapidity gap
with produced secondaries. In this way we are effectively
introducing an object resembling closely~but by no means
identical to! what is known as Pomeron (P) and therefore in
what follows we shall use this notion as a handy abbreviation
of notation@27–29#. The probability of finding the ‘‘bunch’’
of gluons ~that forms the Pomeron! mentioned above in a
color singlet configuration is not computable at a more fun-
damental level because the model is simple and does not
involve color quantum numbers explicitly. However this
probability is represented indirectly in the cross section be-
tween the gluonic bunch and the other proton, the parameter
s discussed below in Eq.~18!.

In our approach the definition of the objectP is essentially
only kinematical@30#, very much in the spirit of those used
in all other works which deal with diffractive processes in
the parton and/or string language@31–34#. We shall there-
fore try to derive the wholeMX

2 dependence directly from the
IGM. Our first step necessary to adapt the standard IGM to
DD collisions will be the introduction of a kinematical re-
striction in the formula for the moments Eq.~6! preventing
gluons coming from the diffracted proton~and forming our
objectP) from carrying more energy than the one released in
the diffractive system. Therefore we shall write it as

^xnym&5E
0

1

dxxnE
0

ymax
dyymv~x,y!, ~13!

whereymax5MX
2/s and the meaning of the spectral function

v(x,y) remains the same as before. We can now calculate
the diffractive mass distributionMX using thex(x,y) func-
tion by simply performing a change of variables@cf. Eq.
~11!#:

dN

dMX
2 5E

0

1

dxE
0

1

dyx~x,y!d~MX
22sy!Q~xy2Kmin

2 !

5
1

sEm0
2/MX

2

1

dxxS x,MX
2

s D . ~14!

In the IGM @7,9# the distributionx(x,y) is a wide Gaussian
in the variablesx and y changing slowly with the energy
As. Substituting now Eq.~5! into Eq. ~14! we arrive at the
following simple expression for the diffractive mass distri-
bution:

dN

dMX
2 5

1

s
F~MX

2 ,s!H~MX
2 ,s!, ~15!

where

F~MX
2 ,s!5expF2

^x2&
2Dxy

SMX
2

s
2^y& D 2G ~16!

and

H~MX
2 ,s!5

x0

2pADxy
E
m0
2/MX

2

1

dxexpH 2
1

2Dxy
F ^y2&~x2^x&!2

22^xy&~x2^x&!SMX
2

s
2^y& D G J . ~17!

The momentŝ qn&, q5x,y, and n51,2 are given by Eq.
~13! and are the only place where dynamical quantities like
the gluonic and hadronic cross sections appear in the IGM.
At this point we emphasize that we are all the time dealing
with a proton-proton scattering. However, as was said above,
we are in fact selecting a especial class of events and there-
fore we must choose the correct dynamical inputs in the
present situation, especially the gluon distribution inside the
diffracted proton and the hadronic cross sections appearing
in v. As a first approximation we shall take
GP(y)5Gp(y)5G(y) ~cf. @28#!, with G(x)5p(m
11)@(12y)m/y#, with m55, the same already used by us
before@9#. The amount of the diffracted nucleon momentum,
p, allocated specifically to theP gluonic cluster and the had-
ronic cross sections are both unknown. However, they al-
ways appear as a ratio (p/s) of parameters inv and differ-
ent choices are possible. Just in order to make contact with
the present knowledge about the Pomeron, we shall choose

s~s!5sPp5a1bln
s

s0
, ~18!

wheres051 GeV2 anda andb are parameters to be fixed
from data analysis. As it will be seen,s(s) turns out to be a
very slowly varying function ofAs assuming values between
2.6 and 3.0 mb, which is a well accepted value for the
Pomeron-proton cross section, andp.0.05.

Before performing a full numerical calculation let us es-
timate Eqs.~15! and ~17! keeping only the most singular
parts of the gluonic distributions used@i.e.,G(x).1/x# and
collecting all other factors in Eq.~8! in a single parameter
c. Let us first assume that the ratio of the cross sections
s(xys)/s(s) does not depend onx and y. Neglecting all
terms of the order ofm0

2/s and m0
2/MX

2 we arrive at the
following expressions for the moments calculated in Eq.
~13!:

^x&52 ^x2&.cln
MX

2

m0
2 ; ~19!

^y&52
s

MX
2 ^y2&.c

MX
2

s
ln
MX

2

m0
2 ; ~20!

^x•y&.cSMX
2

s
2
m0
2

s
ln
MX

2

m0
2 D . ~21!

Notice that in all cases of interest^x•y& is much smaller than
other moments@by a factor ln(MX

2/m0
2), at least#. It means that

Dxy.^x2&^y2& and consequently
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F~MX
2 ,s!.expF 2

SMX
2

s
2^y& D 2

2 ^y2&
G

.expF2

S 12cln
MX

2

m0
2 D 2

cln
MX

2

m0
2

G ~22!

and

H~MX
2 ,s!.

x0

2pADxy

E
m0
2/MX

2

1

dxexpF2
~x2^x&!2

2^x2&
G

.const3
A^x2&

ADxy

5const3
1

A^y2&

.const3
s

MX
2Acln

MX
2

m0
2

~23!

leading to

dN

dMX
2 .

1

s
H~MX

2 ,s!F~MX
2 ,s!

.
const

MX
2

1

Acln
MX

2

m0
2

expF 2

S 12cln
MX

2

m0
2 D 2

cln
MX

2

m0
2

G .
~24!

The expression above is governed by the 1/MX
2 term. The

other two terms have a weaker dependence onMX
2 . They

distort the main (1/MX
2) curve in opposite directions and tend

to compensate each other. It is therefore very interesting to
note that even before choosing a very detailed form for the
gluon distributions and hadronic cross sections we obtain
analytically the typical shape of a diffractive spectrum.

IV. COMPARISON WITH EXPERIMENTAL DATA

In Fig. 2~a! we show our diffractive mass spectrum and
compare it to experimental data from the CERN Intersecting
Storage Rings~ISR! @35#, which are usually parametrized by
the form 1/MX

2 . These spectra were calculated with expres-
sion ~15! with the same gluon distributions, cross sections,
and the mass parameterm0 (m05350 MeV! used in previous
works @7–9#. As it can be seen, the agreement between our
curves and data is reasonable. At large values ofMX

2/s, ex-
perimental points start to flatten out, deviating from the
1/MX

2 behavior. This may be due to the contribution of non-
diffractive events. We expect therefore some discrepancy be-
tween theory and experiment in this region. At very low
values ofMX

2/s and lower energiesAs our model does not
give a good description of data. Here again some discrep-
ancy should be expected because we are neglecting all reso-
nance effects. In principle a better agreement between theory

FIG. 2. ~a! Diffractive mass spectrum forpp collisions calcu-
lated with the IGM@Eq. ~14!# and compared with CERN-ISR data
@35#. ~b! The same as~a! with m05550 MeV.

FIG. 3. Diffractive mass spectrum forpp̄ collisions calculated
with the IGM @Eq. ~14!# and compared with CERN Super Proton
Synchrotron~SPS! Collider data@5#.

2712 55F. O. DURÃES, F. S. NAVARRA, AND G. WILK



and data could be achieved in this region. It would be
enough to choosem05550 MeV keeping everything else as
before. The result is shown in Fig. 2~b!. A discrepancy per-
sists at very low masses at the lowest center-of-mass energy
As. However, this region is almost beyond the validity do-
main of the model. Instead of changingm0 ~which would
also require a change in our previous works!, we prefer to
keep its usual value. Given the qualitative nature of the
present work, we choose to be consistent with our previous
works in prejudice of the quality of the fits.

Figures 3 and 4 show similar comparisons forAs5546
and 1800 GeV, respectively. Data are from Refs.@5# and@4#.
Again we find reasonable agreement with experiment. In the
low MX

2/s region at higherAs the agreement is very good.
All the curves above were obtained witha52.6 mb and
b50.01 mb.

As a straightforward extension of our calculation we now
apply expression~15! to the study of diffractive pion-proton
and kaon-proton scattering. We first consider the cases
p1p→p1X andp1K→p1X. This corresponds to replace
the proton by a pion or a kaon in the upper line of Fig. 1~b!,
everything else remaining the same. We must also substitute
the gluon distributions in the proton,G(x), by the corre-
sponding gluon distributions in the pion and kaon, taken
from @36#. Here, for simplicity, we takeGp(x)5GK(x). This
is supported by an ACCMOR Collaboration data analysis
@37#. We also assume thatsPp5sPp 5sPK. The compari-
son between our results and data from the EHS/NA22 Col-
laboration@38# is shown in Figs. 5~a! ~pions! and 5~b! ~ka-
ons!. We may also have diffracted mesons, which undergo
reactions of the typep1p→p1X andK1p→K1X. This
corresponds to replace the proton by a pion or a kaon in the
lower line of Fig. 1~b!, substituting also the corresponding
gluon distributions. The comparison between our results and
experimental data@38# is shown in Fig. 6~a! ~pions! and 6~b!

~kaons!. As it can be seen, a good description of data is
obtained.

Let us consider now the energy dependence of our results.
The Collider Detector at Fermilab~CDF! Collaboration stud-
ied single diffractive events and found some energy depen-
dence in the diffractive mass spectrum. This fact is illustrated
by writing

s

sSD

dsSD

dMX
2 }

1

~MX
2 !11e , ~25!

where the factor e has been reported to be@39#
e50.12160.011 atAs5546 GeV ande50.10360.017 at
As51800 GeV, respectively. Considering the error bars one
might say that this value is just constant~and that there
would be no indication of energy dependence!, but a real
~albeit small one! change ine is not excluded. Therefore, if
confirmed, it would mean that the distribution becomes
slightly broader.

In the IGM everything is from the beginning energy de-
pendent and so should be the diffractive mass distribution.

FIG. 4. Diffractive mass spectrum forpp̄ collisions calculated
with the IGM @Eq. ~14!# and compared with Fermilab Tevatron data
@4#.

FIG. 5. ~a! Diffractive mass spectrum forp1p1→p1X colli-
sions calculated with the IGM@Eq. ~14!# and compared with experi-
mental data@38#. ~b! The same as~a! for p1K1→p1X collisions.
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We start analyzing the analytical approximation equations
~15!, ~22! and~23!. In Eq. ~23! we see that thes dependence
factorizes and the functionH(MX

2) has the same shape for all
energies, the difference being only a multiplying factor~in
numerical calculations this behavior is slightly violated!. In
Eq. ~22! thes dependence does not factorize and remains in
the moments or, equivalently, in the variablec. F(MX

2) is a
broad function with maximum value determined by the mo-
ment^y& which increases with the energy, makingF to ‘‘ro-
tate’’ in a way that it becomes higher at lower values of
MX

2 and becomes deeper at larger values ofMX
2 . When we

multiply H ~which goes essentially like 1/MX
2) by F it be-

comes steeper. This behavior ofF and H is illustrated in
Figs. 7~a! and 7~b!, respectively, which show the numerical
evaluation of Eqs.~16! and~17!. The result of the numerical
evaluation of Eq.~15! is presented in Fig. 8. There we show
the energy dependence of our diffractive mass spectra in
proton-proton scattering. Figure 8~a! shows diffractive mass
spectra forAs523.5 GeV ~solid lines!, 44.6 GeV~dashed
lines!, and 62.4 GeV~dotted lines!. Figure 8~b! shows spec-

tra at As50.54 TeV ~solid lines!, 0.9 TeV ~dashed lines!,
and 1.8 TeV~dotted lines!. Finally Fig. 8~c! shows our pre-
diction for the diffractive mass spectrum at the CERN Large
Hadron Collider ~LHC! (As514 TeV! compared to the
Tevatron one. The spectra in Figs. 8~a! and 8~b! are the same
of Figs. 2, 3, and 4. It is interesting to note that the behaviour
that we find is not in contradiction with data. In all curves we
observe a modest narrowing as the energy increases. This
small effect means that the diffractive mass becomes a
smaller fraction of the available energyAs. In other words,
the ‘‘diffractive inelasticity’’ decreases with energy and con-
sequently the ‘‘diffracted leading particles’’ follow a harder
xF spectrum. Physically, in the context of the IGM, this
means that the deposited energy is increasing withAs but it
will be mostly released outside the phase space region that
we are selecting. A measure of the ‘‘diffractive inelasticity’’
is the quantityj5MX

2/s. Making a trivial change of variables
in Eq. ~15! we can calculate its average value^j&:

FIG. 6. ~a! Diffractive mass spectrum forp11p→p11X col-
lisions calculated with the IGM@Eq. ~14!# and compared with ex-
perimental data@38#. ~b! The same as~a! for K11p→K11X col-
lisions.

FIG. 7. ~a! Energy dependence of the functionF(MX
2 ,s) ~16!.

~b! Energy dependence of the functionH(MX
2 ,s) ~17! calculated

with the IGM.
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^j&~s!5E
jmin

jmax
dj

dN

dj
j, ~26!

wherejmin (51.5/s) andjmax (50.1) are the same used in
@39# for the purpose of comparison. In Fig. 9 we plot^j&
againstAs. As it can be seen̂j& decreases withAs not only
becausejmin becomes smaller but also becausedN/dj
changes with the energy, falling faster. This qualitative be-
havior of ^j& is in agreement with the estimate of the same
quantity extracted from cosmic ray data analysis@40#. Also
shown in Fig. 9 is the quantitŷj«& ~which has been dis-
cussed in@39# in connection with the energy dependence of
the single diffractive cross section! for «50.08 ~dashed
lines! and«50.112~dotted lines!.

The energy behavior ofdN/dMX
2 is determined by the

moments~13! and ~8!. Sincesgg(s) andG(x) are the same
as in previous works, being thus fixed, the only source of
uncertainty in thes dependence of the results is in the ratio
p/s, which is the only free parameter in the model. All
curves presented above were obtained with the choice~18!
made fors and with p.0.05. We have checked that for a
stronger growth ofsPp with As the energy behavior of

FIG. 8. ~a! Energy dependence of diffractive mass spectra calculated with the IGM@Eq. ~15!#. The solid, dashed, and dotted lines
represent spectra atAs523.5, 44.6, and 62.4 GeV, respectively.~b! The same as~a! for As50.54 ~solid lines!, 0.90 ~dashed lines!, and
1.8 TeV ~dotted lines!. ~c! The same as~a! for As51.8 ~solid lines! and 14 TeV~dashed lines!.

FIG. 9. Energy dependence of the ‘‘diffractive inelasticity’’
^j& and of ^j«&.
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dN/dMX
2 might become even the opposite of the one found

here, i.e., the diffractive mass distribution would become
broader at higher energies. However, these strongly
s-dependent parametrizations do not give an acceptable de-
scription of the existing data and were therefore excluded.
Considering what was said above one might think that we
can discriminate between different Pomeron-proton cross
sections and we could use this model to extractsP p2 from
data. We stress however that, in this model, only the ratio
p/s enters effectively in the calculations and it is impossible
to completely disentangle these two variables. In this sense,
the almost constancy~with As) of sPp may be just an indi-
cation of some increase ofp with As in a way that the ratio
p/s ‘‘scales ’’ with the energy.

V. CONCLUSIONS

To conclude, we have shown the following.
~i! The original IGM @7–9# is reasonably successful in

describing nondiffractive events. With only two natural
changes, namely the introduction of the kinematical cutoff
ymax5MX

2/s and the multiplication of the functionv by a
constant factor reflecting the essentially unknown combina-
tion of P-proton cross sections and the amount of gluonic
energy-momentum of the diffractive proton allocated to the
objectP, p ~in form of the ratiop/s), ~with all other param-

eters kept as in previous applications of IGM! it turns out to
be also able to provide a reasonable description of diffractive
events@41# and their energy dependence. We predict that, at
higher energies, a narrowing of theMX

2 distribution may be
observed.

~ii ! As is obvious from Fig. 1~b!, it provides a detailed
description of the diffractive cluster~of massMX), disentan-
gling it in a natural way into gluonic cluster of massM
containing the majority of produced secondaries~which cor-
responds to CF in the original IGM! and leading jet~inside
the diffractive system! with momentum fractionxL carrying
quantum numbers of the diffractively excited projectile. This
fact may be very useful for the cosmic ray applications of the
IGM, in particular to studies using DD like those presented
in @2,42# ~where such disentanglement seems to be important
and so far was introduced in anad hocway only!.
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@9# F. O. Durães, F. S. Navarra, and G. Wilk, Phys. Rev. D47,
3049 ~1993!.

@10# Yu. A. Shabelski, R. M. Weiner, G. Wilk, and Z. Włodarczyk,
J. Phys. G18, 1281 ~1992!; Z. Włodarczyk, ibid. 21, 281
~1995!.
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