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Systematics of leading particle production
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Using a QCD-inspired model developed by our group for particle production, the interacting gluon model
~IGM!, we have made a systematic analysis of all available data on leading particle spectra. These data include
diffractive collisions and photoproduction at DESY HERA. With a small number of parameters~essentially
only the nonperturbative gluon-gluon cross section and the fraction of diffractive events! good agreement with
data is found. We show that the difference between pion and proton leading spectra is due to their different
gluon distributions. We predict a universality in the diffractive leading particle spectra in the large momentum
region, which turns out to be independent of the incident energy and of the projectile type.
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I. INTRODUCTION

In high energy hadron-hadron collisions the moment
spectra of outgoing particles which have the same quan
number as the incoming particles, also called leading part
~LP! spectra, have been measured already some time ago@1#.
Recently new data on pion-proton collisions were relea
by the EHS/NA22 Collaboration@2# in which the spectra of
both outcoming leading particles, the pion and the prot
were simultaneously measured. Very recently data on le
ing protons produced in eletron-proton reactions at
DESY ep collider HERA with a c.m. system~c.m.s.! energy
one order of magnitude higher than in the other abo
mentioned hadronic experiments became available@3#. In the
case of photoproduction data can be interpreted in term
the vector dominance model@4# and can therefore be consid
ered as data on LP production in vector meson-proton c
sions. These new measurements of LP spectra both
hadron-hadron and in eletron-proton collisions have rene
interest in the subject, especially because the latter are m
sured at higher energies and therefore the energy depend
of the LP spectra can now be determined.

It is important to have a very good understanding of th
spectra for a number of reasons. They are the input for
culations of the LP spectra in hadron-nucleus collisio
which are a fundamental tool in the description of atm
spheric cascades initiated by cosmic radiation@5#. There are
several new projects in cosmic ray physics including
High Resolution Fly’s Eye Project, the Telescope Arr
Project, and the Pierre Auger Project@6# for which a precise
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knowledge of energy flow~LP spectra and inelasticity distri
butions! in very high energy collisions would be very usefu

In a very different scenario, namely, in high energy hea
ion collisions at the BNL Relativistic Heavy Ion Collide
~RHIC!, it is very important to know where the outgoin
~leading! barions are located in momentum space. If t
stopping is large, they will stay in the central rapidity regio
and affect the dynamics there, generating, for example
baryon-rich equation of state. Alternatively, if they popula
the fragmentation region, the central~and presumably ho
and dense! region will be dominated by mesonic degrees
freedom. The composition of the dense matter is theref
relevant for the study of quark gluon plasma formation@7#.

In any case, before modellingp -A or A-A collisions one
has to understand properly hadron-hadron processes. Th
spectra are also interesting for the study of diffractive re
tions, which dominate the largexF region.

Since LP spectra are measured in reactions with low m
mentum transfer and go up to largexF values, it is clear that
the processes in question occur in the nonperturbative
main of QCD. One needs then ‘‘QCD-inspired’’ models a
the most popular are string models, such asFRITIOF, VENUS,
or the quark gluon string model~QGSM!. Calculations of LP
spectra involving these models can be found in Refs.@8# and
@9#.

In the framework of the QCD parton model of high e
ergy collisions, leading particles originate from the emerg
fast partons of the collision debris. There is a large rapid
separation between fast partons and sea partons. Fast pa
interact rarely with the surrounding wee partons. The int
action between the hadron projectile and the target is pri
rily through wee parton clouds. A fast parton or a coher
configuration of fast partons may therefore filter through
sentially unaltered. Based on these observations and aim
to study p-A collisons, the authors of Ref.@8# proposed a
©1998 The American Physical Society34-1
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mechanism for LP production in which the LP spectrum
given by the convolution of the parton momentum distrib
tion in the projectile hadron with its corresponding fragme
tation function into a final leading hadron. This independ
fragmentation scheme is, however, not supported by lea
charm production in pion-nucleus scattering. It fails es
cially in describing theD2/D1 asymmetry. A number of
models addressed these data and the conclusion was tha
lence quark recombination is needed. Translated to lea
pion or proton production this means that what happen
rather a coalescence of valence quarks to form the LP
not an independent fragmentation of a quark or diquark t
pion or a nucleon. Another point is that the coherent confi
ration formed by the valence quarks may go through
target but, due to the strong stopping of the gluon clou
may be significantly decelerated. This correlation betwe
central energy deposition due to gluons and leading par
spectra was shown to be essential for the undertandin
leading charm production@10#.

In this work we follow the same general ideas of Ref.@8#
but with a different implementation. In particular we repla
independent fragmentation by valence quark recombina
and free leading parton flow by deceleration due to ‘‘glu
stripping.’’ These ideas are incorporated in the model e
ployed by us, the interacting gluon model~IGM!, which has
been used to study energy flow in nondiffractive reactio
@11,12# and has been recently extended to diffractive p
cesses@13# and also applied to the recent HERA~photopro-
duction! data both on diffractive mass distributions@14# and
leadingJ/c spectra@15#.

We shall study all measured LP spectra including th
measured at HERA. We will find and comment on univer
aspects in the energy flow pattern of all these reactions. U
versality means, in the context of the IGM, that the under
ing dynamics is the same both in diffractive and nondiffra
tive LP production and both in hadron-hadron and phot
hadron processes.

II. INTERACTING GLUON MODEL

The interacting gluon model was introduced some ti
ago@11#, developed by us recently@12,13#, and proved to be
quite useful for the study of energy flow. Since the mod
has been extensively discussed in our previous papers
shall present here only the basic ideas and a few formu
leaving the more detailed discussion to the Appendix. T
main aspect of the IGM, shared with minijet models such
HIJING @16#, is the assumption that hadron-hadron reactio
are dominated by multiple and incoherent parton-parton s
terings. Among these, gluon-gluon scatterings are the m
important. At very high energies and large scales this i
very good approximation. At not very large energies a
lower scales one is already moving towards the nonpertu
tive domain and dealing with soft gluons and the incohere
hypothesis might not be valid.

The soft gluons involved in the collisions studied here
partly preexisting inside the hadron and partly produced
radiation. Preexisting soft gluons exhibit the same proper
as those studied in lattice QCD simulations in the stro
09403
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coupling regime. According to di Giacomo and Panagop
ulos @17#, the typical correlation length of the soft gluo
fields is around 0.220.3 fm. Since this length is still much
smaller than the typical hadron size, the gluon fields can
a first approximation, be treated as uncorrelated. As a co
quence@18# the number of~soft! gluon-gluon collisions will
follow a Poissonian distribution, which was also used
Refs. @16,19,20#. In the case of radiated soft gluons, it wa
recently shown in@21# that gluons produced with sma
transverse momenta are independently emitted from the
diating parton, as QCD coherence supresses their showe
Consequently, the multiplicity of lowpT gluons follows a
Poisson distribution, suggesting that the collision num
follows a Poisson distribution as well. These facts indic
that in the region where perturbative results break down,
independent collision approximation may still be a reas
able one. From the practical point of view, it was shown
@11# that replacing the Poissonian distribution by a broa
one does not affect the results significantly as long as so
mass scale is introduced to cut off the very lowx region.

In the IGM the two colliding hadrons are represented
valence quarks carrying their quantum numbers~charges!
plus the accompanying clouds of gluons~which represent
also the seaqq̄ pairs and therefore should be regarded
effective gluons!. In the course of a collision gluonic cloud
interact strongly and form a gluoniccentral fireball ~CF!
located in the central region of the reaction. The valen
quarks~plus those gluons which did not interact! get excited
and formleading jets~LJ’s! ~or beam jets! which then popu-
late mainly the fragmentation regions of the reaction.

The valence quarks are therefore spectators and the
of the reaction and energy deposition occurs because of
gluon-gluon collisions, whose number is Poisson distribu
with the mean value given by

dn̄

dx8dy8
5v~x8,y8!5

sgg~x8y8s!

s~s!

3G~x8!G~y8!Q~x8y82Kmin
2 !, ~1!

whereG’s denote the effective number of gluons from th
corresponding projectiles~approximated by the respectiv
gluonic structure functions! and sgg and s are the gluon-
gluon and hadron-hadron cross sections, respectively. In
above expressionx8 and y8 are the fractional momenta o
two gluons coming from the projectile and from the targ
whereasKmin5m0 /As ~with m0 being the mass of lightes
produced state andAs the total c.m.s. energy!. Each gluon-
gluon collision produces a minifireball~MF!. Depending on
the energy manyg-g collisions may happen and energy fra
tionsx5( inixi8 andy5( iniyi8 from the target and projectile
may be deposited in the central region. The probability
depositing the energy fractionsx and y can be analitically
computed in the IGM and is given by the functionx(x,y)
derived in the Appendix.

Leading particles can also be diffractively produced.
the IGM diffractive dissociation~DD! can be included in a
simple way, by just requiring that one of the colliding ha
4-2
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FIG. 1. A schematic description of the IGM.~a! we show a nondiffractive event. The upper~lower! leg represents the leading partic
with the momentum fractionxF512x (xL512y). In ~b! the hadron in the upper leg sends aP with momentum fractionx and remains a
leading particle with momentum fractionxF512x. ~c! corresponds to the case whereP is emitted from a hadron in the lower leg, whic
keeps momentumxL512y.
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rons loses only a very small fraction of its initial energ
momentum. This was done by imposing cuts on the fi
moments of thev function@13#. In our earlier calculations o
energy flow with the IGM we were not concerned with t
fragmentation region. The main interest was the ene
deposition in the central region, which is highly relevant f
quark gluon plasma physics. Therefore our first LP spe
were in reasonable agreement with data but in the reg
xL>0.8 the model prediction was below the experimen
points because we had no diffractive component whereas
data did not discriminate between diffractive and nondiffra
tive events. Later on we have included diffraction in the IG
@13#. The resulting picture is the same as for nondiffract
events, except that in DD the gluon cloud of the projec
interacts only with a subset of the target gluon cloud, wh
carries a small momentum fraction and which we c
‘‘Pomeron’’ (P). Our Pomeron is essentially just a kinema
cal restriction which forces one of the colliding hadrons
lose only a very small ammount of its energy. Using t
diffractive IGM we have obtained a good description of t
diffractive mass spectra in hadronic diffractive collisio
@13# and also in photon-proton collisions@14#. Although it is
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possible to reformulate the model in the impact parame
space and associate diffractive events with peripheral c
sions, as done in Ref.@22#, we prefer here to explore furthe
the kinematical interpretation of diffraction. Moreover, in th
present formulation we correctly reproduce the diffracti
peak, which was not obtained in Ref.@22#. Apart from the
recent EHS/NA22 and HERA LP spectra, a new experim
now under consideration at Fermilab will, among oth
things, address the question of leading particles and
component in the near future@23#. In view of these facts we
shall recalculate LP spectra in our model with a DD comp
nent properly included and extend it toe -p collisions.

III. LEADING HADRON SPECTRA

In the IGM a typical nondiffractive event is shown in Fig
1~a!. Colliding particles lose energy fractionsx andy, form-
ing leading particles withxF512x and xL512y. In the
figure, V stands for vector meson, used later for photop
duction at HERA. We shall consider the reactionsp1p
→p1X, p11p→p11X, K11p→K11X, and p11p
→p11p1X. Later we also address photon-proton rea
4-3



til

in

g
th

m

on
ly

-
o
r

-

en-
er
tion,
the

ld
nd

e
nts

f
m.s.
ect
ive
end
e-
nce.
rgies
ly
ess

ree

s,

ram-
of

ng
s-

F. O. DURÃES, F. S. NAVARRA, AND G. WILK PHYSICAL REVIEW D58 094034
tions in the VDM approach:p1V→p1X. Diffractive pro-
cesses are illustrated in Figs. 1~b! and 1~c!, where the
Pomeron is emitted from the target and from the projec
respectively. In Figs. 1~a!, 1~b!, and 1~c! the probability to
form a CF with massM5Axys is calledxnd(x,y), x1

d(x,y),
and x2

d(x,y), respectively. These functions were derived
our earlier works~cf., for example,@13#!.

With the functionsx(x,y) we obtain the correspondin
LP spectra just by changing variables and by adding
resulting distributions with proper weights.

In the lower legs of Fig. 1, leading particles emerge fro
the collision keeping momentum fractionxL with distribu-
tion FLP(xL) given by

FLP ~xL!5E
0

1

dxE
0

1

dy F ~12a! xnd~x,y!

1 (
j 51,2

a j x j
d~x,y!G d~xL211y!

3QS xy2
m0

2

s D QFy2
~MLP1m0!2

s G
5~12a! E

xmin

1

dx x
~nd!

~x;y512xL!

1 (
j 51,2

a j E
xmin

1

dx x j
~d!

~x;y512xL!, ~2!

wherea is the total fraction of diffractive events anda1 and
a2 are the fractions of diffractive events with a Pomer
emitted from the upper and lower legs in Fig. 1, respective
They satisfy the conditiona11a25a. In the above expres
sionMLP andm0 denote the mass of the LP and the mass
the lightest CF produced and the limits of integration a
defined by

xmin5MaxF m0
2

~12xL!s
;
~MLP1m0!2

s G . ~3!

The main physical quantities in Eq.~2! are the functions~cf.
the Appendix for details of derivation and justification!

xnd~x,y!5
x0

nd

2pADxy

expH 2
1

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

1^x2&~y2^y&!2

22^xy&~x2^x&!~y2^y&!#J , ~4!

with
09403
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Dxy5^x2&^y2&2^xy&2, ~5!

^xnym&5E
0

1

dx8 x8n E
0

1

dy8 y8m vnd~x8,y8!,

~6!

and

x j
d~x,y!5

x j 0
d

2pADxy
~ j !

expH 2
1

2Dxy
~ j !

@^yj
2&~x2^xj&!2

1^xj
2&~y2^yj&!2

22^xjyj&~x2^xj&!~y2^yj&!#J , ~7!

with

Dxy
~ j !5^xj

2&^yj
2&2^xjyj&

2, ~8!

^xj
nyj

m&5E
0

xmax
~ j !

dx8 x8n E
0

ymax
~ j !

dy8 y8m vd~x8,y8!. ~9!

The index values ofj 51 and j 52 correspond to the dia
grams in Figs. 1~b! and 1~c!, respectively. Hereymax

(1) 51,
ymax

(2) 5y, xmax
(1) 5x, and xmax

(2) 51 and x0
nd and x j 0

d are the
proper normalization factors assuring that*0

1dxL FLP(xL)
51. We separately normalize to unity both components
tering Eq.~2!. This procedure is crucial in our case in ord
to assure the proper overall energy-momentum conserva
which is a characteristic feature of any implementation of
IGM.

The weighta is essentially our new parameter. It shou
be of the order of the ratio between the total diffractive a
total inelastic ~including DD processes! cross sections,
s tot

di f f /s tot
inel . It can, however, differ from that ratio due to th

different experimental acceptance of DD and non-DD eve
not considered here. This fact makesa a free parameter o
the model. We assume it to be independent of the total c.
energy. Indeed the fraction of diffractive events with resp
to the total number of events or the ratio between diffract
and total inelastic cross sections are quantities which dep
weakly on the c.m.s. energy of the collision. They may d
pend more strongly on detector coverage and accepta
The reactions that we discuss here occur at c.m.s. ene
ranging from 14 up to 100 GeV. This is still a relative
moderate variation in the energy. Since we do not addr
diffraction at the SppS~energies of 200 – 900 GeV! or at the
Tevatron ~energy of 1800 GeV!, we keep our fraction of
diffractive events as a constant. This quantity is the only f
parameter in this paper.

The spectral functionsvnd andvd are the same as in@12#
and @13,14# for nondiffractive and for diffractive processe
respectively. We refer the reader to@12–14# for details con-
cerning the exact values and character of the relevant pa
eters which were fixed from other previous applications
the IGM. In the case of diffractive hadron-proton scatteri
the functionG(y) in Eq. ~1! represents the momentum di
4-4
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SYSTEMATICS OF LEADING PARTICLE PRODUCTION PHYSICAL REVIEW D58 094034
tribution of the gluons belonging to the proton subset cal
Pomeron andy is the momentum fractionof the protoncar-
ried by one of these gluons. We shall therefore use the
tation G(y)5GP(y). This function should not be confuse
with the momentum distribution of the gluons inside t
Pomeron,f g/P(b) ~see below!.

The momentŝ qn&, q5x,y ~we only requiren51,2),
are the only places where dynamical quantities like the g
onic and hadronic cross sections appear in the IGM. In
we are selecting a special class of events and therefore
must choose the correct dynamical inputs in the present
ation, namely,GP(y) and the hadronic cross sections ap-
pearing invd.

As already mentioned, the Pomeron for us is just a c
lection of gluons which form a color singlet and belong
the diffracted hadron. In early works we have assumed
these gluons behave like all other ordinary gluons in
proton and have therefore the same momentum distribut
The only difference is the momentum sum rule, which
the gluons inP is

E
0

1

dy y GP~y!5p, ~10!

wherep.0.05~see@13# and below! instead ofp.0.5, which
holds for the entire gluon population in the proton.

In principle, since the Pomeron can not be considered
ordinary particle, one cannot define precisely a momen
sum rule in the usual sense@24,25#. Nevertheless, in ou
definition, the Pomeron is really just a collection of gluon
As such, when emitted, it carries a momentum fractionp of
the parent proton. Of course,p can fluctuate. In the calcula
tions, it always appears divided by the Pomeron-proton cr
section, which is another poorly known and fluctuating qu
tity. Taking all these fluctuations into account would ju
introduce more freedom in the model and make calculati
more complicated. We avoid it in this paper as we also av
other sources of fluctuations such as impact parameter
tuations. In Ref.@22# impact parameter fluctuations were i
troduced in the nondiffractive IGM and the result was,
expected, a smearing of the original curves. The overall
fect, however, was not very big. We expect the same to
true for the fluctuations in the Pomeron sum rule.

In @14# we have treated the Pomeron structure in m
detail and addressed the question of its ‘‘hardness’’ or ‘‘so
ness.’’ In order to make contact with the analysis perform
by HERA experimental groups we have considered two p
sible momentum distributions for the gluons insideP, one
hard, f g/P

h (b), and the other soft,f g/P
s (b). Following the

~standard! notation of Ref.@26#, b is the momentum fraction
of the Pomeron carried by the gluons and the superscriph
and s denote hard and soft, respectively. Using a stand
choice for the Pomeron, flux factor,f P/p(xP), wherexP is the
fraction of the proton momentum carried by the Pomer
and noticing thatb5x/xP , the distributionGP(y) needed in
Eq. ~1! is then given by the convolution

GP
h,s~y!5E

y

1dxP

xP
f P/p~xP! f g/P

h,s S y

xP
D . ~11!
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In Ref. @14# we have also usedGP(y)56(12y)5/y, the
same expression already used by us before in Ref.@13#. As
was shown, this choice corresponds to an intermediate st
ture between ‘‘soft’’ and ‘‘hard’’ Pomeron and it shall b
used here.

One of the most interesting conclusions of Ref.@14# was
that it is possible to learn something about the Pomeron p
file studying the diffractive mass spectra. Moreover, o
analysis suggests that the ‘‘soft’’ Pomeron is in conflict w
these data. Only with a very unusual choice of parame
could a good agreement be recovered. Considering the l
amount of data already described previously by the IG
this choice was extreme and we concluded therefore that
‘‘soft’’ Pomeron is disfavored. The same conclusion w
found in Refs.@26,27#. The fraction of diffracted nucleon
momentum,p, allocated specifically to theP gluonic cluster
and the hadronic cross sections are both unknown. How-
ever, they always appear inv as a ratio (p/s) of parameters
and different choices are possible. Just in order to make
of the present knowledge about the Pomeron, we s
choose

s~s!5sPp5a1b ln
s

s0
, ~12!

wheres051 GeV2 anda52.6 mb andb50.01 mb are pa-
rameters fixed from our previous@13# systematic data analy
sis. As can be seen,s(s) turns out to be a very slowly
varying function ofAs assuming values between 2.6 and 3
mb, which is a well accepted value for the Pomeron-pro
cross section, andp.0.05 ~cf. @13#!.

As will be seen, a good undertanding of the systematic
LP production can be obtained in terms of the dynami
inputs contained in Eq.~1!. With the exception ofa all pa-
rameters are fixed. In the next section we compare our res
given by Eq.~2! with experimental data.

IV. RESULTS AND DISCUSSION

In Figs. 2~a!, 2~b!, and 2~c! we present our spectra o
leading protons, pions, and kaons, respectively. The das
lines show the contribution of nondiffractive LP productio
and the solid lines show the effect of adding a nondiffract
component. All parameters were fixed previously and
only one to be fixed wasa. For simplicity we have neglected
the second diagram in Fig. 1, because it gives a curve wh
is very similar in shape to the nondiffractive curve. In co
trast, the Pomeron emission by the projectile@Fig. 1~c!# pro-
duces the diffractive peak. We have then chosena150 and
a25a50.3 in all collision types. As expected, the inclusio
of the diffractive component flattens considerably the fin
LP distribution, bringing it to a good agreement with th
available experimental data@1#. In our model there is some
room for changes, leading to fits with better quality. W
could, for example, use a prescription for hadronization~as
we did before in@12#! giving a more important role to it, as
done in Ref.@8#. In doing this, however, we lose simplicit
and the transparency of the physical picture, which are
advantages of the IGM. We prefer to keep simplicity a
4-5
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FIG. 2. Comparison of our spectraF(xL) with data from Ref.@1# for ~a! leading protons,~b! leading pions, and~c! leading kaons. Dashed
and solid lines show the nondifractive component and the total curve respectively.
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SYSTEMATICS OF LEADING PARTICLE PRODUCTION PHYSICAL REVIEW D58 094034
concentrate on the interpretation of our results. In first pl
it is interesting to observe the good agreement between
curve and data for protons@Fig. 1~a!# in the low x region.
The observed protons could have been also centrally
duced; i.e., they could come from the CF. However, we
data without the CF contribution. This suggests, as expec
that all the protons in thisx range are leading; i.e., they com
from valence quark recombination. In Figs. 1~b! and 1~c! we
observe an excess at lowx. This is so because pions an
kaons are light and they can more easily be created from
sea~centrally produced!. Our distributions come only from
the leading jet~LJ! and consequently pass below the da
points. A closer look at the three dashed lines in Fig. 1 sho
that pion and kaon spectra are softer than the proton one.
former peak atx.0.56 while the latter peaks atx.0.62. In
the IGM this can be understood as follows. The energy fr
tion that goes to the central fireball,K5Axy, is controlled
by the behavior of the functionx(x,y)nd, which is approxi-
mately a double Gaussian in the variablesx andy, as can be
seen in expression~4!. The quantitieŝ x& and ^y& play the
role of central values of this Gaussian. Consequently, w
^x& or ^y& increases, this means that the energy deposi
from the upper or lower leg~in Fig. 1! increases, respec
tively. The quantitieŝ x& and^y& are the moments of thev
function and are directly proportional to the gluon distrib
tion functions in the projectile and target and inversely p
portional to the target-projectile inelastic cross section. In
calculations, there are two changes when we go fromp-p to
p -p.

~i! The first is that we replaces inel
pp by s inel

pp which is
smaller. This leads to an overall increase of the energy de
sition. There are some indications that this is really the c
and the inelasticity inp-p is larger than inp-p collisions
@28#.

~ii ! The second and most interesting and important cha
is that we replace the one gluon distribution in the pro
Gp(y) by the corresponding distribution in the pionGp(y).
We know that Gp(y).(12y)5/y whereas Gp(y).(1
2y)2/y, i.e., that gluons in pions are harder than in proto
This introduces an asymmetry in the moments^x& and ^y&,
making the latter significantly larger.

As a consequence, pions will be more stopped and
emerge from the collision with a softerx spectrum. This can
already be seen in the data points of Fig. 2. However, si
these points contain particles produced by other mechani
such as central and diffractive production, it is not yet p
sible to draw firm conclusions.

The analysis of the moments^x& and^y& can also be done
for the diffractive process shown in Fig. 1~c!. Because of the
cuts in the integrations in Eq.~9!, they will depend onxL
512y. We calculate them forp1p→p1X and p1p
→p1X reactions. For lowxL they assume very similar val
ues as in the nondiffractive case. For largexL , however, we
find that ^x&p.^x&p and ^y&p.^y&p . The reason for these
approximate equalities is that in diffractive processes we
the largey8 region and this is precisely where the pion a
the proton would differ, since only for largey are GP

p(y)
.(12y)5/y and GP

p(y).(12y)2/y significantly different.
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In Ref. @13# we have shown that the introduction of th
above-mentioned cuts drastically reduces the energy (As)
dependence of the diffractive mass distributions, leading
particular, to the approximate 1/MX

2 behavior for all values
of As from ISR to Tevatron energies. Here these cuts p
duce another type of scaling, which may be called ‘‘proje
tile scaling’’ or ‘‘projectile universality of the diffractive
peak’’ and which means that for large enoughxL the diffrac-
tive peak is the same for all projectiles. The correspond
xd functions will be the same for protons and pions in th
region. The cross section appearing in the denominator of
moments will, in this case, be the same, i.e.,sPp. The only
remaining difference between them, their different gluon
distributions, is in this region cutoff. This may be regard
as a prediction of the IGM. Experimentally this may be d
ficult to check since one would need a large number of po
in largexL region of the leading particle spectrum. Data plo
ted in Fig. 2 neither prove nor disprove this conjecture. T
discrepancy observed in the proton spectrum is only due
our choice of normalization of the diffractive and nondiffra
tive curves. The peak shapes are similar.

The EHS/NA22 Collaboration provided us with data o
p11p→p11p1X reactions. In particular they present th
x distributions of both leading particles, the pion and t
proton. Their points for pions and protons are shown in Fi
3~a! and 3~b!, respectively. These points are presumably f
from diffractive dissociation. The above-mentioned asymm
try in pion and proton energy loss emerges clearly, the pi
being much slower. The proton distribution peaks atxF
.0.620.8. Our curves~solid lines! reproduce with no free
parameter this behavior and we obtain a good agreem
with the pion spectrum. Proton data show an excess at la
xF that we are not able to reproduce keeping the same va
of parameters as before.

The authors of Ref.@2# tried to fit their measured proton
spectrum with theFRITIOF code and could not obtain a goo
description of data. This indicates that these largex points
are a problem for standard multiparticle production mod
as well. In our case, if we change our parameterm0 from the
usual valuem050.35 GeV tom050.45 GeV, we can re-
produce most of data points both for pions and protons
well. This is not a big change and indicates that the mo
would be able to accomodate this new experimental inform
tion. Of course, a definite statement about the subject wo
require a global refitting procedure, which is not our ma
concern now.

If, at high energies, the reactionsr-p andp -p have the
same characteristics and if the vector dominance mo
~VDM ! is good hypothesis~as it seems to be!, then more
about the energy flow in meson-p collisions can be learned a
HERA. Indeed, as mentioned in@14#, at the HERA electron-
proton collider the bulk of the cross section corresponds
photoproduction, in which a beam electron is scatte
through a very small angle and a quasireal photon inter
with the proton. For such small virtualities the dominant i
teraction mechanism takes place via fluctuation of the pho
into a hadronic state which interacts with the proton via
strong force@4#. High energy photoproduction exhibits ther
4-7



F. O. DURÃES, F. S. NAVARRA, AND G. WILK PHYSICAL REVIEW D58 094034
FIG. 3. ~a! Comparison of our spectraF(xL) for leading pions with data from Ref.@2# in the reactionp11p→p11p1X. Solid and
dashed lines correspond to the choicesm050.35 GeV andm050.45 GeV, respectively.~b! the same as~a! for the leading proton spectrum
F(xF) measured in the same reaction.
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fore similar characteristics to hadron-hadron interactio
Recent data taken by the ZEUS Collaboration at HERA@3#
show that the LP spectra measured in photoproducion an
deep inelastic scattering~DIS! ~where Q2>4 GeV2) are
very similar, specially in the largexL region. This suggests
that, as pointed out in@29#, the QCD hardness scale for pa
ticle production in DIS gradually decreases from a~large!
Q2, which is relevant in the photon fragmentation region,
a soft scale in the proton fragmentation region, which is
one considered here. We can therefore expect a similarit
the inclusive spectra of the leading protons in high ene
hadron-proton collisions, discussed above, and in virt
photon-proton collisions. In other words, we may say that
photon is neither resolving nor being resolved by the f
emerging protons. This implies that these reactions are do
nated by some nonperturbative mechanism. This is c
firmed by the failure of perturbative QCD@30# ~implemented
by the Monte Carlo codesARIADNE and HERWIG! when ap-
plied to the proton frgamentation region. In Ref.@29# the LP
spectra were studied in the context of meson and Pom
exchanges. Here we use the vector meson dominance
pothesis and describe leading proton production in the s
way as done for hadron-hadron collisions. The only cha
is that now we haver-p instead ofp-p collisions. Whereas
this may be generally true for photoproduction, it remains
approximation for DIS, valid in the largexL region.

In Fig. 1 we show schematically the IGM picture of
photon-proton collision. According to it, during the intera
tion the photon is converted into a hadronic~mesonic! state
and then interacts with the incoming proton. This hadro
state is calledV in the upper legs of Figs. 1~a!, 1~b!, and 1~c!.
At HERA only V-p collisions are relevant. The meson
proton interaction follows then the usual IGM pictur
namely, the valence quarks fly through essentially und
turbed whereas the gluonic clouds of both projectiles inte
strongly with each other. The stateV loses a fractionx of its
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original momentum and gets excited carrying axF512x
fraction of the initial momentum. The proton, which we sh
call here the diffracted proton, loses only a fractiony of its
momentum but otherwise remains intact. We shall assu
here, for simplicity, that the vector meson is ar0 and take
Gr0

(x)5Gp(x) in Eq. ~1!. In Fig. 4 we compare our result
with ZEUS data. The agreement is again good.

V. CONCLUSIONS

We have analyzed leading particle spectra in terms of
IGM, which includes now also a contribution coming fro
the diffractive processes. The new component improved d
matically the agreement with all existing data on hadro
hadron collisions.

As long as the energy flow is concerned the IGM wor
extremely well with essentially two parameters: the nonp
turbative gluon-gluon cross section and the fraction of d
fractive events. This should enlarge considerably its rang
applicability in analyses of cosmic ray data.

At the same time, assuming the VDM, we were able
describe equally well the leading proton spectra ine-p reac-
tions. Also here the inclusion of a diffractive component pr
vided by the new version of the IGM turns out to be cruc
to get good agreement with data.

We have shown that the difference between pion and p
ton leading spectra is due to their different gluon distrib
tions@31#. We predict a universality in the diffractive leadin
particle spectra in the large momentum region, which tu
out to be independent of the incident energy and of the p
jectile type.
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FIG. 4. Comparison between our calculation and the LP spectrum measured at HERA by the ZEUS Collaboration@3#.
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APPENDIX

We shall collect together here the main points concern
the interacting gluon model scattered throughout the lite
ture @10–15#. The IGM is based on the idea that since abo
half of a hadron momentum is carried by gluons, and si
gluons interact more strongly than quarks, during a collis
there is a separation of constituents. Valence quarks ten
be fast forming leading particles whereas gluons tend to
stopped in the central rapidity region. It belongs therefore
the class of models exploring the concept of partons an
hard and semihard collisions~like those presented by Gaiss
and Stanev@19#, Sjostrand and van Zijl@20#, Wang and
Gyulassy@16#, or Geiger@32#!. The latter are collisions be
tween partons at a moderate scale@Q2.(2 GeV)2#, which,
however, still allows for the use of perturbative QCD. T
scattered partons form the so-called minijets. AtAs
5540 GeV the minijet cross section is already 25% of
total inelastic cross section. However, apart from some
biguity in choosing the semihard scale, these models hav
face the problem that even at very high energies a signific
part of a hadronic collision occurs at scales lower than
semihard one. The atitude taken inHIJING @16#, in the parton
cascade model@32#, and also in the IGM is to extrapolat
these quantities to lower scales. These extrapolations ca
continuously improved, especially in view of the advance
our knowledge on nonperturbative effects. There are, for
ample, models for distribution functions which work
scales as low as 0.3 GeV2 @33#. As for s one can compute
nonperturbative effects in the context of an operator prod
expansion. In spite of these limitations these models have
advantage of dealing with partons and being thus prepare
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incorporate perturbative QCD in a natural way. This is w
come since perturbative processes are expected to be inc
ingly important at higher energies. Compared to the ot
models mentioned above, the IGM is simpler because i
designed to study energy flow and makes no attempt to
culate cross sections or to follow hadronization in great
tail. This simplifies the calculations and avoids tim
consuming numerical simulations. The most importa
aspect of the IGM, shared with those models, is the assu
tion of multiple parton-parton incoherent scattering which
implicit in the Poissonian distribution of the number
parton-parton collisions~which is also used in Refs
@20,19,16#! used below.

The IGM is therefore based on the assumed dominanc
hadronic collisions by gluonic interactions and can be su
marized in the following way.

~i! The two colliding hadrons are represented by valen
quarks carrying their quantum numbers~charges! plus the
accompanying clouds of gluons~which represent also the se

qq̄ pairs and therefore should be regarded as effective on!.
~ii ! In the course of a collision the gluonic clouds intera

strongly, depositing in the central region of the reaction fra
tionsx andy of the initial energy-momenta of the respectiv
projectiles in the form of a gluoniccentral fireball.

~iii ! The valence quarks~plus those gluons which did no
interact! get excited and formleading jets, which then popu-
late mainly the fragmentation regions of the reaction.

The fraction of energy stored in the CF is therefore eq
to K5Ax•y and its rapidity isY5 1

2 ln(x/y). These two quan-
tities provide then a sort of dynamically calculated initi
conditions for any statistical model of multiparticle produ
tion and that was one of the initial aims of the IGM.

According to the IGM the CF consists ofminifireballs
formed from pairs of colliding gluons. In collisions at highe
scales a MF is the same as a pair of minijets or jets. In
study of energy flow the details of fragmentation and had
production are not important. Most of the MF’s will be in th
4-9
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central region and we assume that they coalesce, forming
CF. The collisions leading to MF’s occur at different ener
scales given byQi

25xi yi s, where the indexi labels a par-
ticular kinematic configuration where the gluon from t
projectile has momentumxi and the gluon from the targe
hasyi . We have to choose the scale where we start to
perturbative QCD. Many studies in the literature converge
the valueQmin

2 5pT min
2 5(2.3 GeV)2. Below this value we

have to assume that we can still talk about individual s
gluons, and because of the short correlation length~found in
lattice QCD calculations! between them, they still interac
mostly pairwise. In this region we can no longer use
distribution functions extracted from DIS or the perturbati
elementary cross sections.

The central quantity in the IGM is the probability to form
a CF carrying momentum fractionsx andy of two colliding
hadrons. It is defined as the sum over an undefined numbn
of MF’s:

x~x,y!5(
n1

(
n2

•••(
ni

d@x2n1 x12•••2ni xi #

3d@y2n1 y12•••2ni yi #•P~n1!•••P~ni !

5(
$ni %

H dFx2(
i

ni xi GdFy2(
i

ni yi G J)
$ni %

P~ni !.

~A1!

The delta functions in the above expression garantee ene
momentum conservation andP(ni) is the probability to have
ni collisions between gluons withxi andyi . If the collisions
are independent,P(ni) is given by

P~ni !5
~ n̄i !

ni exp~2n̄i !

ni !
. ~A2!

InsertingP(ni) in Eq. ~A1! and using the following integra
representations for the delta functions,

dFx2(
i

ni xi G5
1

2pE2`

1`

dt expF i t S x2(
i

ni xi D G ,

~A3!

dFy2(
i

ni yi G5
1

2pE2`

1`

du expF iuS y2(
i

ni yi D G ,
~A4!

we can perform all summations and products, arriving at

x~x,y!5
1

~2p!2E2`

1`

dtE
2`

1`

du exp@ i ~ tx1uy!#

3expH(
i

$n̄i@e2 i ~ txi1uyi !21#%J . ~A5!

Taking now the continuum limit
09403
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e
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n̄i5
dn̄i

dx8 dy8
Dx8Dy8 → dn̄5

dn̄

dx8 dy8
dx8 dy8,

~A6!

we obtain

x~x,y!5
1

~2p!2E2`

1`

dtE
2`

1`

du exp@ i ~ tx1uy!#

3expH E
0

1

dx8E
0

1

dy8 v~x8,y8!

3@e2 i ~ tx81uy8!21#J , ~A7!

where

v~x8,y8!5
dn̄

dx8 dy8
. ~A8!

This functionv(x8,y8), sometimes called the spectral fun
tion, represents the average number of gluon-gluon collisi
as a function ofx8 andy8, contains all the dynamical input
of the model, and has the form

v~x8,y8!5
sgg~x8y8s!

s~s!
G~x8! G~y8! Q~x8y82Kmin

2 !,

~A9!

whereG’s denote the effective number of gluons from th
corresponding projectiles~approximated by the respectiv
gluonic structure functions! and sgg and s are the gluon-
gluon and hadron-hadron cross sections, respectively. In
above expressionx8 and y8 are the fractional momenta o
two gluons coming from the projectile and from the targ
whereasKmin5m0 /As, with m0 being the mass of lightes
produced state andAs the total c.m.s. energy.m0 is a param-
eter of the model. The integral in the second line of Eq.~A7!
is dominated by the lowx8 and y8 region. Considering the
singular behavior of theG(x) distributions at the origin we
make the following approximation:

@e2 i ~ tx81uy8!21#.2 i ~ tx81uy8!2
1

2
~ tx81uy8!2.

~A10!

With this approximation it is possible to perform the integr
tions in Eq.~A7! and obtain the final expression forx(x,y)
discussed in the main text:

x~x,y!5
x0

2pADxy

expH 2
1

2Dxy
@^y2&~x2^x&!21^x2&~y

2^y&!222^xy&~x2^x&!~y2^y&!#J , ~A11!

where

Dxy5^x2&^y2&2^xy&2
4-10
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and

^xnym&5E
0

1

dx xn E
0

1

dy ym v~x,y!. ~A12!

Herex0 is a normalization factor defined by the condition

E
0

1

dx E
0

1

dy x~x,y!u~xy2Kmin
2 !51. ~A13!

In order to evaluate the distribution~A11! we need to
choose the value ofm0 , the semihard scalepT min , and de-
fine G(x) and sgg in both interaction regimes. We tak
pT min52.3 GeV andm050.35 GeV. These are the tw
scales present in the model. The semihard gluon-gluon c
section is taken, at orderas

2 , to be

ŝgg
h ~x,y,s!5k

p

16pT min
2 @as~Q2!#2 H, ~A14!

where

H536T1
51lT

4xy
2

3l2T

8 x2 y2
1

9l

xy
lnF12T

11TG ~A15!

and

T5F12
l

x yG
1/2

, l5
4 pT min

2

s
. ~A16!
ar
d

d-

s
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The parameterk is the one frequently used to incorpora
higher corrections inas and is 1.1<k<2.5 according to the
choice of G(x), of the scaleQ2 and pT min . For pT min
52.3 GeV,k52.5. The coupling constant is given by

as~Q2!5
12p

~3322Nf ! lnFQ2

L2G , ~A17!

whereL50.2 GeV andNf53 is the number of active fla
vors. As usual in minijet physics we chooseQ25pT min

2 and
use the distributionsG(x,Q2) parametrized in the literature

When the invariant energy of the gluon pairŝ is the in-
terval m0

2< ŝ5xys<4pT min
2 we are outside the perturbativ

domain. Parton-parton cross sections in the nonperturba
regime have been parametrized in@34#, leading to a success
full quark-gluon model for elastic and diffractive scatterin
Recently these nonperturbative cross sections have been
culated in the stochastic vacuum model@35#. The obtained
cross sections are functions of the gluon condensate an
the gluon field correlation length, both quantities extrac
from lattice QCD calculations. In order to keep our treatme
simple we shall adopt the older parametrization for t
gluon-gluon cross section used in@34#:

ŝgg
s ~x,y,s!5

a

xys
~A18!

wherea is the second parameter of the model@11#.
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@15# F.O. Durães, F.S. Navarra, and G. Wilk, ‘‘Leading Partic
Effect in J/C Elasticity Distribution,’’ hep-ph/9803325; Mod
Phys. Lett. A~to be published!.

@16# X.N. Wang and M. Gyulassy, Phys. Rev. D44, 3501~1991!;
45, 844 ~1992!.

@17# A. di Giacomo and H. Panagopoulos, Phys. Lett. B285, 133
~1992!.

@18# N. Brown, Mod. Phys. Lett. A4, 2447~1989!.
@19# T.K. Gaisser and T. Stanev, Phys. Lett. B219, 375 ~1989!.
@20# T. Sjostrand and M. van Zijl, Phys. Rev. D36, 2019~1987!.
@21# S. Lupia, W. Ochs, and J. Wosiek, ‘‘Poissonian limit of so

gluon multiplicity,’’ hep-ph/9804419.
@22# S. Paiva, Y. Hama, and T. Kodama, Phys. Rev. C55, 1455

~1997!; Y. Hama and S. Paiva, Phys. Rev. Lett.78, 3070
~1997!.

@23# A. Brandt et al., ‘‘A forward proton detector at D0,’’ Report
No. FERMILAB-PUB-97/377, 1997; E. Oliveira~private com-
munication!.

@24# ZEUS Collaboration, M. Derricket al., Eur. Phys. J. C5, 41
~1998!.

@25# R.J.M. Covolan and M.S. Soares, Phys. Rev. D37, 180~1998!.
4-11



as
a

ffe
o

t is

en-

s
5,
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