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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 param@ssentially
only the nonperturbative gluon-gluon cross section and the fraction of diffractive ¢geod 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.
[S0556-282(198)08121-1

PACS numbds): 13.85.Ni, 12.39.Ki

I. INTRODUCTION knowledge of energy flouLP spectra and inelasticity distri-
butiong in very high energy collisions would be very useful.

In high energy hadron-hadron collisions the momentum In a very different scenario, namely, in high energy heavy
spectra of outgoing particles which have the same quanturion collisions at the BNL Relativistic Heavy lon Collider
number as the incoming patrticles, also called leading particléRHIC), it is very important to know where the outgoing
(LP) spectra, have been measured already some timgldgo (leading barions are located in momentum space. If the
Recently new data on pion-proton collisions were releasedtopping is large, they will stay in the central rapidity region
by the EHS/NA22 Collaboratiof2] in which the spectra of and affect the dynamics there, generating, for example, a
both outcoming leading particles, the pion and the protonbaryon-rich equation of state. Alternatively, if they populate
were simultaneously measured. Very recently data on leadhe fragmentation region, the centr@nd presumably hot
ing protons produced in eletron-proton reactions at theand densgregion will be dominated by mesonic degrees of
DESY ep collider HERA with a c.m. systerfc.m.s) energy  freedom. The composition of the dense matter is therefore
one order of magnitude higher than in the other aboverelevant for the study of quark gluon plasma formati@h
mentioned hadronic experiments became availgdjldn the In any case, before modelling-A or A-A collisions one
case of photoproduction data can be interpreted in terms dfas to understand properly hadron-hadron processes. The LP
the vector dominance modet] and can therefore be consid- spectra are also interesting for the study of diffractive reac-
ered as data on LP production in vector meson-proton collitions, which dominate the large- region.
sions. These new measurements of LP spectra both in Since LP spectra are measured in reactions with low mo-
hadron-hadron and in eletron-proton collisions have renewethentum transfer and go up to largge values, it is clear that
interest in the subject, especially because the latter are metihe processes in question occur in the nonperturbative do-
sured at higher energies and therefore the energy dependenoain of QCD. One needs then “QCD-inspired” models and
of the LP spectra can now be determined. the most popular are string models, SUctFREIOF, VENUS,

It is important to have a very good understanding of theser the quark gluon string modéQGSM). Calculations of LP
spectra for a number of reasons. They are the input for cakpectra involving these models can be found in R@bkand
culations of the LP spectra in hadron-nucleus collisions[9].
which are a fundamental tool in the description of atmo- In the framework of the QCD parton model of high en-
spheric cascades initiated by cosmic radiafibh There are  ergy collisions, leading particles originate from the emerging
several new projects in cosmic ray physics including thefast partons of the collision debris. There is a large rapidity
High Resolution Fly’'s Eye Project, the Telescope Arrayseparation between fast partons and sea partons. Fast partons
Project, and the Pierre Auger Projé6f for which a precise interact rarely with the surrounding wee partons. The inter-

action between the hadron projectile and the target is prima-
rily through wee parton clouds. A fast parton or a coherent

*Email address: fduraes@if.usp.br configuration of fast partons may therefore filter through es-
"Email address: navarra@if.usp.br sentially unaltered. Based on these observations and aiming
*Email address: Grzegorz.Wilk@fuw.edu.pl to study p-A collisons, the authors of Ref8] proposed a
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mechanism for LP production in which the LP spectrum iscoupling regime. According to di Giacomo and Panagopo-
given by the convolution of the parton momentum distribu-ulos [17], the typical correlation length of the soft gluon
tion in the projectile hadron with its corresponding fragmen-fields is around 0.20.3 fm. Since this length is still much
tation function into a final leading hadron. This independentsmaller than the typical hadron size, the gluon fields can, in
fragmentation scheme is, however, not supported by leading first approximation, be treated as uncorrelated. As a conse-
charm production in pion-nucleus scattering. It fails espe-quence 18] the number ofsoft) gluon-gluon collisions will
cially in describing theD /D* asymmetry. A number of follow a Poissonian distribution, which was also used in
models addressed these data and the conclusion was that WRefs.[16,19,2Q. In the case of radiated soft gluons, it was
lence quark recombination is needed. Translated to leadingecently shown in[21] that gluons produced with small
pion or proton production this means that what happens iransverse momenta are independently emitted from the ra-
rather a coalescence of valence quarks to form the LP andiating parton, as QCD coherence supresses their showering.
not an independent fragmentation of a quark or diquark to &onsequently, the multiplicity of lowt gluons follows a
pion or a nucleon. Another point is that the coherent configuPoisson distribution, suggesting that the collision number
ration formed by the valence quarks may go through thdollows a Poisson distribution as well. These facts indicate
target but, due to the strong stopping of the gluon cloudsthat in the region where perturbative results break down, the
may be significantly decelerated. This correlation betweerndependent collision approximation may still be a reason-
central energy deposition due to gluons and leading particlable one. From the practical point of view, it was shown in
spectra was shown to be essential for the undertanding ¢f.1] that replacing the Poissonian distribution by a broader
leading charm productiofiL0]. one does not affect the results significantly as long as some
In this work we follow the same general ideas of R8]  mass scale is introduced to cut off the very lawegion.
but with a different implementation. In particular we replace In the IGM the two colliding hadrons are represented by
independent fragmentation by valence quark recombinatiomalence quarks carrying their quantum numbérkarges
and free leading parton flow by deceleration due to “gluonplus the accompanying clouds of gluofghich represent

stripping.” These ideas are incorporated in the model emy|so the seayjq pairs and therefore should be regarded as
ployed by us, the interacting gluon modéBM), which has  effective gluons In the course of a collision gluonic clouds
been used to study energy flow in nondiffractive reactionsnteract strongly and form a gluonicentral fireball (CF)
[11,12 and has been recently extended to diffractive proqocated in the central region of the reaction. The valence
cesse$13] and also applied to the recent HERphotopro-  guarks(plus those gluons which did not interaget excited
duction data both on diffractive mass d|Str|bUt|0[’M] and and form|eading JetS(LJ’S) (or beam Jet$wh|ch then popu-
leadingJ/ ¢ spectrg[15]. late mainly the fragmentation regions of the reaction.

We shall study all measured LP spectra including those The valence quarks are therefore spectators and the bulk
measured at HERA. We will find and comment on universalof the reaction and energy deposition occurs because of the

aspects in the energy flow pattern of all these reactions. Unigluon-gluon collisions, whose number is Poisson distributed
versality means, in the context of the IGM, that the underly-yjth the mean value given by

ing dynamics is the same both in diffractive and nondiffrac-
tive LP production and both in hadron-hadron and photon- —

hadron processes. dn — (X y")= Tgg(X'Y'S)
dx'dy’ a(s)
Il. INTERACTING GLUON MODEL XG(x')G(y)O(X'y' — K2, ), 1)

The interacting gluon model was introduced some time , )
ago[11], developed by us recentfit2,13, and proved to be whereG’s Qenote 'ghe _effectlve number of gluons from _the
quite useful for the study of energy flow. Since the modelcoreésponding projectilesapproximated by the respective
has been extensively discussed in our previous papers, whuonic structure functionsand ogq and o are the gluon-
shall present here only the basic ideas and a few formulag,luon and hadr_on-hadron cross sectlons, respectively. In the
leaving the more detailed discussion to the Appendix. Thélbove expressior’ andy’ are the fractional momenta of
main aspect of the IGM, shared with minijet models such agWo gluons coming from the projectile and from the target
HIJING [16], is the assumption that hadron-hadron reactiondvhereasK min=mo/\'s (with my being the mass of lightest
are dominated by multiple and incoherent parton-parton scaproduced state andls the total c.m.s. energyEach gluon-
terings. Among these, gluon-gluon scatterings are the mogtluon collision produces a minifirebalMF). Depending on
important. At very high energies and large scales this is 4he energy manyg-g collisions may happen and energy frac-
very good approximation. At not very large energies andiionsx=ZX;n;x; andy=Z2;n;y; from the target and projectile
lower scales one is already moving towards the nonperturbanay be deposited in the central region. The probability for
tive domain and dealing with soft gluons and the incoherenceepositing the energy fractionsandy can be analitically
hypothesis might not be valid. computed in the IGM and is given by the functigtix,y)

The soft gluons involved in the collisions studied here arederived in the Appendix.
partly preexisting inside the hadron and partly produced by Leading particles can also be diffractively produced. In
radiation. Preexisting soft gluons exhibit the same propertiethe IGM diffractive dissociatioDD) can be included in a
as those studied in lattice QCD simulations in the strongsimple way, by just requiring that one of the colliding had-
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FIG. 1. A schematic description of the IGNB) we show a nondiffractive event. The upgéower) leg represents the leading particle
with the momentum fractiom=1—x (X, =1-Y). In (b) the hadron in the upper leg send® avith momentum fractiorx and remains a
leading particle with momentum fractioqr=1—X. (c) corresponds to the case whdtas emitted from a hadron in the lower leg, which
keeps momentum =1-y.

rons loses only a very small fraction of its initial energy possible to reformulate the model in the impact parameter
momentum. This was done by imposing cuts on the firsspace and associate diffractive events with peripheral colli-
moments of thew function[13]. In our earlier calculations of sions, as done in Reff22], we prefer here to explore further
energy flow with the IGM we were not concerned with the the kinematical interpretation of diffraction. Moreover, in the
fragmentation region. The main interest was the energpresent formulation we correctly reproduce the diffractive
deposition in the central region, which is highly relevant for peak, which was not obtained in R¢R2]. Apart from the
quark gluon plasma physics. Therefore our first LP spectraecent EHS/NA22 and HERA LP spectra, a new experiment
were in reasonable agreement with data but in the regionow under consideration at Fermilab will, among other
X, =0.8 the model prediction was below the experimentalthings, address the question of leading particles and DD
points because we had no diffractive component whereas th@mponent in the near futuf@3]. In view of these facts we
data did not discriminate between diffractive and nondiffrac-shall recalculate LP spectra in our model with a DD compo-
tive events. Later on we have included diffraction in the IGM nent properly included and extend it ¢éo-p collisions.

[13]. The resulting picture is the same as for nondiffractive

events, except Fhat in DD the gluon cloud of the project.ile IIl. LEADING HADRON SPECTRA

interacts only with a subset of the target gluon cloud, which

carries a small momentum fraction and which we call Inthe IGM a typical nondiffractive event is shown in Fig.
“Pomeron” (P). Our Pomeron is essentially just a kinemati- 1(a). Colliding particles lose energy fractiomsandy, form-

cal restriction which forces one of the colliding hadrons toing leading particles withkp=1—x andx, =1-Yy. In the
lose only a very small ammount of its energy. Using thefigure, V stands for vector meson, used later for photopro-
diffractive IGM we have obtained a good description of theduction at HERA. We shall consider the reactiops p
diffractive mass spectra in hadronic diffractive collisions —p+X, 7" +p—n*+X, K*+p—=K"+X, and ¥ +p

[13] and also in photon-proton collisiofi$4]. Although itis —a*+p+X. Later we also address photon-proton reac-
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tions in the VDM approachp+V— p+ X. Diffractive pro- ny=<x2><y2>—<xy>2, (5)
cesses are illustrated in Figs(bl and Xc), where the

Pomeron is emitted from the target and from the projectile - L (Y v ndeer
respectively. In Figs. (&), 1(b), and 1c) the probability to (x"y >:fo dx’ x fo dy'y'"me"™(x",y’),
form a CF with mas# = \xysis calledy"(x,y), X‘i’(x,y), (6)
and Xg(x,y), respectively. These functions were derived in
our earlier workdcf., for example[13]). and
With the functionsy(x,y) we obtain the corresponding
LP spectra just by changing variables and by adding the p X?o 1 ) )
resulting distributions with proper weights. Xj(X,y)= oDl P T 2D(j)[<yj Y(X={x;))
In the lower legs of Fig. 1, leading particles emerge from TN xy xy
the collision Keeping momentum fractioq with distribu- +(Xj2>(y—(yj>)2
tion F_ p(x.) given by
_2<Xij>(X_(Xj>)(y—<)’j>)]]7 (7)
1 1
FLP(XL):I dxf dy{(l—a)xnd(x,y) .
0 0 with
; D)= (xf) (v = ()2 ®
+_212aj XJ-(X,y) 5(X|_—l+y) Xy i yJ Jyj )
i=1
m(Z) (MLP+ mo)2 <X.nym>: jxg)axdxr x'N J'yg)axdyr y/m wd(X’ y/) (9)
o[ xy- ] ofy- et g &

1 (nd) The index values of =1 andj=2 correspond to the dia-
=(l—a)J dxy (Xy=1-x.) grams in Figs. (b) and 1c), respectively. Herey/}) =1,
Xmin yh=y, xh=x, and x@=1 and x¢ and x§, are the
1 @ proper normalization factors assuring thfa@;deFLp(xL)
+ > a f dxx; (X;y=1-x.), (2)  =1. We separately normalize to unity both components en-
=12 Xmin tering Eq.(2). This procedure is crucial in our case in order
to assure the proper overall energy-momentum conservation,

. . . _ which is a characteristic feature of any implementation of the
whereq is the total fraction of diffractive events anrg and

a, are the fractions of diffractive events with a Pomeron Tﬁe weighta is essentially our new parameter. It should

emitted from the upper and lower legs in Fig. 1, respectivelyye of the order of the ratio between the total diffractive and
They satisfy the conditiorr, + a,=a. In the above expres- 45| inelastic (including DD processgscross sections,
sionMp andm, denote the mass of the LP and the mass of_diff, inel

. - . _ ot 10101 - It can, however, differ from that ratio due to the
the lightest CF produced and the limits of integration ar€yifferent experimental acceptance of DD and non-DD events

defined by not considered here. This fact makesa free parameter of
the model. We assume it to be independent of the total c.m.s.
m2 (Mot Mp)2 energy. Indeed the fraction of diffractiv_e events With respgct
Xin=Max 0o . TP 70 } (3 o the total number of events or the ratio between diffractive
(1-xp)s S and total inelastic cross sections are quantities which depend

weakly on the c.m.s. energy of the collision. They may de-

pend more strongly on detector coverage and acceptance.
The main physical quantities in E(R) are the functiongcf.  The reactions that we discuss here occur at c.m.s. energies
the Appendix for details of derivation and justificatjon ranging from 14 up to 100 GeV. This is still a relatively

moderate variation in the energy. Since we do not address

. diffraction at the Spp$energies of 200 — 900 Ge\r at the
n

nd X0 1 5 ) Tevatron (energy of 1800 Ge)/ we keep our fraction of
X"(x,y)= 5 \/D_ex ~ op_ LY (x=(x) diffractive events as a constant. This quantity is the only free
TNExy o parameter in this paper.
+(xA)(y—(y))? The spectral functions"? andw® are the same as [112]

and[13,14] for nondiffractive and for diffractive processes,
respectively. We refer the reader[tbi2—14 for details con-
cerning the exact values and character of the relevant param-
eters which were fixed from other previous applications of
the IGM. In the case of diffractive hadron-proton scattering
with the functionG(y) in Eq. (1) represents the momentum dis-

—2<xy>(x—<><>)(y—<y>)]}, (4
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tribution of the gluons belonging to the proton subset calledn Ref. [14] we have also use@;(y)=6(1—y)%y, the
Pomeron ang is the momentum fractioof the protoncar-  same expression already used by us before in [R&]. As
ried by one of these gluons. We shall therefore use the nowas shown, this choice corresponds to an intermediate struc-
tation G(y) =Gp(y). This function should not be confused ture between “soft” and “hard” Pomeron and it shall be
with the momentum distribution of the gluons inside theused here.
Pomeronfyp(B) (see below. One of the most interesting conclusions of Ré&#] was

The momentgq"), qg=Xx,y (we only requiren=1,2), thatitis possible to learn something about the Pomeron pro-
are the only places where dynamical quantities like the glufile studying the diffractive mass spectra. Moreover, our
onic and hadronic cross sections appear in the IGM. In DDanalysis suggests that the “soft” Pomeron is in conflict with
we are selecting a special class of events and therefore vibese data. Only with a very unusual choice of parameters
must choose the correct dynamical inputs in the present sitwcould a good agreement be recovered. Considering the large
ation, namely,Gp(y) and the hadronic cross sectienap- amount of data already described previously by the IGM,
pearing inwY. this choice was extreme and we concluded therefore that the

As already mentioned, the Pomeron for us is just a col-'soft” Pomeron is disfavored. The same conclusion was
lection of gluons which form a color singlet and belong tofound in Refs.[26,27]. The fraction of diffracted nucleon
the diffracted hadron. In early works we have assumed thanomentump, allocated specifically to th& gluonic cluster
these gluons behave like all other ordinary gluons in theand the hadronic cross sectionare both unknown. How-
proton and have therefore the same momentum distributiorever, they always appear i as a ratio p/ o) of parameters
The only difference is the momentum sum rule, which forand different choices are possible. Just in order to make use
the gluons inP is of the present knowledge about the Pomeron, we shall

choose

1
f dyy Ge(y)=p, (10 S
0 o(s)=o"P=a+bin_, (12)

wherep=0.05(se€[13] and below instead ofp=0.5, which 0

holds for the entire gluon population in the proton. wheres,=1 Ge\? anda=2.6 mb andb=0.01 mb are pa-

In principle, since the Pomeron can not be considered apameters fixed from our previo§43] systematic data analy-
ordinary particle, one cannot define precisely a momentundjs. As can be seeny(s) turns out to be a very slowly
sum rule in the usual seng@4,25. Nevertheless, in our yarying function ofy/s assuming values between 2.6 and 3.0
definition, the Pom_eron is reaI.Iy just a collection of gluons.mb' which is a well accepted value for the Pomeron-proton
As such, when emitted, it carries a momentum fracpoof o5 section and=0.05 (cf. [13]).

the parent proton. Of coursp,can fluctuate. In the calcula-  ag |l be seen, a good undertanding of the systematics of
tions, it always appears divided by the Pomeron-proton €rosgp production can be obtained in terms of the dynamical
section, which is another poorly known and fluctuating quaninnuts contained in Eq(1). With the exception ofx all pa-

tity. Taking all these fluctuations into account would just .o meters are fixed. In the next section we compare our results
introduce more freedom in the model and make calculation

) e i (?iven by Eq.(2) with experimental data.
more complicated. We avoid it in this paper as we also avoi
other sources of fluctuations such as impact parameter fluc-
tuations. In Ref[22] impact parameter fluctuations were in- IV. RESULTS AND DISCUSSION

expected, a smearing of the o_riginal curves. The overall efreading protons, pions, and kaons, respectively. The dashed
fect, however, was not very big. We expect the same {0 bfnes show the contribution of nondiffractive LP production
true for the fluctuations in the Pomeron sum rule. and the solid lines show the effect of adding a nondiffractive
In [14] we have treated the Pomeron structure in more;omponent. All parameters were fixed previously and the
detail and addressed the question of its “hardness” or “soft—omy one to be fixed waa. For simplicity we have neglected
ness.” In order to make contact with the anal.ysis performedne second diagram in Fig. 1, because it gives a curve which
by HERA experimental groups we have considered two posis very similar in shape to the nondiffractive curve. In con-
sible momentum distributions for the gluons insitle one  {ast, the Pomeron emission by the projediiteg. 1(c)] pro-
hard, fg,-(8), and the other softf3,.(8). Following the  dyces the diffractive peak. We have then chosgr 0 and
(standargi notation of Ref[26], 8 is the momentum fraction ,=«=0.3 in all collision types. As expected, the inclusion
of the Pomeron carried by the gluons and the supersdtipts of the diffractive component flattens considerably the final
and s denote hard and soft, respectively. Using a standar@p distribution, bringing it to a good agreement with the
choice for the Pomeron, flux factdry,(xp), wherexpis the  available experimental dafd]. In our model there is some
fraction of the proton momentum carried by the Pomeronygom for changes, leading to fits with better quality. We
and noticing tha3=x/xp, the distributionGp(y) needed in  could, for example, use a prescription for hadronizatias

Eq. (1) is then given by the convolution we did before if12]) giving a more important role to it, as
L done in Ref[8]. In doing this, however, we lose simplicity

Gm,s(y):f %fuv (le)fhﬁ)( l) (11) and the transparency of the physical picture, which are the

y Xp P 9 advantages of the IGM. We prefer to keep simplicity and
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FIG. 2. Comparison of our spectfx, ) with data from Ref[1] for (a) leading protons(b) leading pions, an¢c) leading kaons. Dashed
and solid lines show the nondifractive component and the total curve respectively.
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concentrate on the interpretation of our results. In first placén Ref. [13] we have shown that the introduction of the
it is interesting to observe the good agreement between owtbove-mentioned cuts drastically reduces the enexég) (
curve and data for protorigig. 1(a)] in the low x region.  dependence of the diffractive mass distributions, leading, in
The observed protons could have been also centrally prgparticular, to the approximate M behavior for all values
duced; i.e., they could come from the CF. However, we fitgf /s from ISR to Tevatron energies. Here these cuts pro-
data without the CF contribution. This suggests, as expecte@yce another type of scaling, which may be called “projec-
that all the protons in this range are leading; i.e., they come tjle scaling” or “projectile universality of the diffractive
from valence quark recombination. In Figgbjland Xc) we  peak” and which means that for large enoughthe diffrac-
observe an excess at low This is so because pions and tive peak is the same for all projectiles. The corresponding
kaons are light and they can more easily be created from thed fynctions will be the same for protons and pions in this
sea(centrally produceld Our distributions come only from  yegion. The cross section appearing in the denominator of the
the leading jet(LJ) and consequently pass below the datamoments will, in this case, be the same, i€’?. The only
points. A closer look at the three dashed lines in Fig. 1 ShOWiSemaining difference between them, their different gluonic
that pion and kaon spectra are softer than the proton one. Thstributions, is in this region cutoff. This may be regarded
former peak ak=0.56 while the latter peaks at=0.62. In 55 3 prediction of the IGM. Experimentally this may be dif-
the IGM this can be understood as follows. The energy fracficyit to check since one would need a large number of points
tion that goes to the central firebal,= \xy, is controlled  in Jargex, region of the leading particle spectrum. Data plot-
by the behavior of the functiog(x,y)", which is approxi-  ted in Fig. 2 neither prove nor disprove this conjecture. The
mately a double Gaussian in the varialiteandy, as can be  discrepancy observed in the proton spectrum is only due to
seen in expressiofd). The quantitiegx) and(y) play the oy choice of normalization of the diffractive and nondiffrac-
role of central values of this Gaussian. Consequently, whegye curves. The peak shapes are similar.
(x) or (y) increases, this means that the energy deposition The EHS/NA22 Collaboration provided us with data on
from the upper or lower legin Fig. 1) increases, respec- .+, , .+ X reactions. In particular they present the
tively. The quantitiegx) and(y) are the moments of the  gistributions of both leading particles, the pion and the
function and are directly proportional to the gluon distribu- proton. Their points for pions and protons are shown in Figs.
tion functions in the projectile and target and inversely Pro-3(a) and 3b), respectively. These points are presumably free
portiongl to the target-projectile inelastic cross section. In thg,qm diffractive dissociation. The above-mentioned asymme-
calculations, there are two changes when we go flBMto v in pion and proton energy loss emerges clearly, the pions
™ -p. o o being much slower. The proton distribution peaks xat

(i) The first is that we replacefft; by ofi3, which is  —0.6-0.8. Our curvegsolid lines reproduce with no free
smaller. This leads to an overall increase of the energy dep‘barameter this behavior and we obtain a good agreement
sition. There are some indications that this is really the casjith the pion spectrum. Proton data show an excess at large
and the inelasticity inr-p is larger than inp-p collisions  y_ that we are not able to reproduce keeping the same values
[28]. _ . _ of parameters as before.

(i) The second and most interesting and important change The authors of Ref[2] tried to fit their measured proton
is that we replace the one gluon distribution in the protonspectrum with the=rITIOF code and could not obtain a good
GP(y) by the corresponding distribution in the pi@T'(y).  description of data. This indicates that these laxgeoints
We know that GP(y)=(1-y)°/y whereas G"(y)=(1  are a problem for standard multiparticle production models
—y)?ly, i.e., that gluons in pions are harder than in protonsas well. In our case, if we change our parametgrfrom the
This introduces an asymmetry in the momefits and(y),  ysual valuem,=0.35 GeV tom,=0.45 GeV, we can re-
making the latter significantly larger. roduce most of data points both for pions and protons as

As a consequence, pions will be more stopped and willyel|. This is not a big change and indicates that the model
emerge from the collision with a softarspectrum. This can  ould be able to accomodate this new experimental informa-
already be seen in the data points of Fig. 2. However, sincfon. Of course, a definite statement about the subject would
these points contain particles produced by other mechanismgsquire a global refitting procedure, which is not our main
such as central and diffractive production, it iS not yet poStoncern now.
sible to draw firm conclusions. If, at high energies, the reactiopsp and m -p have the

The analysis of the momentg) and(y) can also be done same characteristics and if the vector dominance model
for the diffractive process shown in Fig(c). Because of the (VDM) is good hypothesigas it seems to Bethen more
cuts in the integrations in Eq9), they will depend orx.  about the energy flow in mesqmeollisions can be learned at
=1-y. We calculate them fop+p—p+X and m+p  HERA. Indeed, as mentioned ja4], at the HERA electron-
—m+ X reactions. For low, they assume very similar val- proton collider the bulk of the cross section corresponds to
ues as in the nondiffractive case. For lasge however, we  photoproduction, in which a beam electron is scattered
find that(x),=(x), and(y),=(y),. The reason for these through a very small angle and a quasireal photon interacts
approximate equalities is that in diffractive processes we cufith the proton. For such small virtualities the dominant in-
the largey’ region and this is precisely where the pion andteraction mechanism takes place via fluctuation of the photon
the proton would differ, since only for large are GP(y) into a hadronic state which interacts with the proton via the
=(1—vy)®y and G (y)=(1—Yy)?y significantly different.  strong forcg4]. High energy photoproduction exhibits there-
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FIG. 3. (a) Comparison of our spectia(x,) for leading pions with data from Refi2] in the reactionm* + p— 7" 4+ p+ X. Solid and
dashed lines correspond to the choiogs=0.35 GeV andny,=0.45 GeV, respectivelyb) the same a&) for the leading proton spectrum
F(xg) measured in the same reaction.

fore similar characteristics to hadron-hadron interactionsoriginal momentum and gets excited carryingkg=1—x
Recent data taken by the ZEUS Collaboration at HERA fraction of the initial momentum. The proton, which we shall
show that the LP spectra measured in photoproducion and icall here the diffracted proton, loses only a fractipof its
deep inelastic scatteringDIS) (where Q=4 Ge\?) are momentum but otherwise remains intact. We shall assume
very similar, specially in the large, region. This suggests here, for simplicity, that the vector meson isp& and take

that, as pointed out if29], the QCD hardness scale for par- Gpo(x)zgw(x) in Eq. (1). In Fig. 4 we compare our results
ticle production in DIS gradually decreases fromlarge  wijth ZEUS data. The agreement is again good.

Q?, which is relevant in the photon fragmentation region, to
a soft scale in the proton fragmentation region, which is the
one considered here. We can therefore expect a similarity of

the inclusive spectra of the leading protons in high energy We have analyzed leading particle spectra in terms of the
hadron-proton collisions, discussed above, and in virtualGM, which includes now also a contribution coming from
photon-proton collisions. In other words, we may say that thehe diffractive processes. The new component improved dra-
photon is neither resolving nor being resolved by the fasinatically the agreement with all existing data on hadron-
emerging protons. This implies that these reactions are domihadron collisions.
nated by some nonperturbative mechanism. This is con- As long as the energy flow is concerned the IGM works
firmed by the failure of perturbative QC[30] (implemented  extremely well with essentially two parameters: the nonper-
by the Monte Carlo codesRIADNE and HERWIG) when ap-  turbative gluon-gluon cross section and the fraction of dif-
plied to the proton frgamentation region. In REE9] the LP  fractive events. This should enlarge considerably its range of
spectra were studied in the context of meson and Pomeraapplicability in analyses of cosmic ray data.
exchanges. Here we use the vector meson dominance hy- At the same time, assuming the VDM, we were able to
pothesis and describe leading proton production in the samgescribe equally well the leading proton spectra4ip reac-
way as done for hadron-hadron collisions. The only changéons. Also here the inclusion of a diffractive component pro-
is that now we havey-p instead ofp-p collisions. Whereas vided by the new version of the IGM turns out to be crucial
this may be generally true for photoproduction, it remains aro get good agreement with data.
approximation for DIS, valid in the large region. We have shown that the difference between pion and pro-
In Fig. 1 we show schematically the IGM picture of a ton leading spectra is due to their different gluon distribu-
photon-proton collision. According to it, during the interac- tions[31]. We predict a universality in the diffractive leading
tion the photon is converted into a hadrofimesoni¢ state  particle spectra in the large momentum region, which turns
and then interacts with the incoming proton. This hadronicout to be independent of the incident energy and of the pro-
state is called/ in the upper legs of Figs.(a), 1(b), and Xc).  jectile type.
At HERA only V-p collisions are relevant. The meson-
proton interaction follows then the usual IGM picture;
namely, the valence quarks fly through essentially undis-
turbed whereas the gluonic clouds of both projectiles interact This work has been supported by FAPESP, under contract
strongly with each other. The stat€loses a fractiox of its ~ 95/4635-0, CNP@Brazil), and KBN (Poland. F.S.N. would
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de Oliveira and Dr. Z. Wiodarczyk for heplful discussions onmodels mentioned above, the IGM is simpler because it is

diffractive and cosmic ray experiments. designed to study energy flow and makes no attempt to cal-
culate cross sections or to follow hadronization in great de-
APPENDIX tail. This simplifies the calculations and avoids time-

consuming numerical simulations. The most important

We shall'collect together here the main points conce.rningispect of the IGM, shared with those models, is the assump-
:he lnltgralctln_lqhgltllgr'l/lmogel sgatte;ﬁd .t(;'ro'{[%h?“t_ the I'Igerafion of multiple parton-parton incoherent scattering which is
ure[10-19. The IS based on the jdea that Since a .OUtimpIicit in the Poissonian distribution of the number of
half of a hadron momentum is carried by gluons, and since

; . . . _parton-parton collisions(which is also used in Refs.
gluons interact more strongly than quarks, during a coIhsmrEg

there is a separation of constituents. Valence quarks tend O_I’_ﬁge’llg)Muisset(:]:re;%V:é based on the assumed dominance of
be fast forming leading particles whereas gluons tend to b ) o S :

stopped in the central rapidity region. It belongs therefore t ad.ron|c'coII|S|ons bY gluonic interactions and can be sum-
the class of models exploring the concept of partons and dffarized in the following way.

hard and semihard collisioriike those presented by Gaisser (1) The two colliding hadrons are represented by valence
and Stane[19], Sjostrand and van Zij[20], Wang and guarks carrying their quantum numbecharges plus the
Gyulassy[16], or Geiger[32]). The latter are collisions be- accompanying clouds of gluoiiwhich represent also the sea
tween partons at a moderate sda@F=(2 GeV)’], which, qq pairs and therefore should be regarded as effective)ones
however, still allows for the use of perturbative QCD. The (i) In the course of a collision the gluonic clouds interact
scattered partons form the so-called minijets. Ak  strongly, depositing in the central region of the reaction frac-
=540 GeV the minijet cross section is already 25% of thetions x andy of the initial energy-momenta of the respective
total inelastic cross section. However, apart from some amprojectiles in the form of a gluonicentral fireball

biguity in choosing the semihard scale, these models have to (iii) The valence quark&lus those gluons which did not
face the problem that even at very high energies a significarinterac) get excited and forneading jets which then popu-
part of a hadronic collision occurs at scales lower than thdate mainly the fragmentation regions of the reaction.
semihard one. The atitude takenHrING [16], in the parton The fraction of energy stored in the CF is therefore equal
cascade moddl32], and also in the IGM is to extrapolate to K=X-y and its rapidity isY = % In(x/y). These two quan-
these quantities to lower scales. These extrapolations can liéies provide then a sort of dynamically calculated initial
continuously improved, especially in view of the advance ofconditions for any statistical model of multiparticle produc-
our knowledge on nonperturbative effects. There are, for extion and that was one of the initial aims of the IGM.

ample, models for distribution functions which work at According to the IGM the CF consists ohinifireballs
scales as low as 0.3 Gé&V33]. As for o one can compute formed from pairs of colliding gluons. In collisions at higher
nonperturbative effects in the context of an operator producscales a MF is the same as a pair of minijets or jets. In the
expansion. In spite of these limitations these models have th&tudy of energy flow the details of fragmentation and hadron
advantage of dealing with partons and being thus prepared faroduction are not important. Most of the MF'’s will be in the
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central region and we assume that they coalesce, formingthe 4 T
CF. The collisions leading to MF'’s occur at different energy ni=———Ax"Ay’ — dn=——dx'dy’,
scales given byQ?=x; y; s, where the index labels a par- dx’ dy d

ticular kinematic configuration where the gluon from the

projectile has momenturr; and the gluon from the target | o optain

hasy;. We have to choose the scale where we start to use

perturbative QCD. Many studies in the literature converge to

the valueQ?, = p? ;,=(2.3 GeVY. Below this value we x(X,y)=

have to assume that we can still talk about individual soft

gluons, and because of the short correlation lertfgthnd in 1 1

lattice QCD calculationsbetween them, they still interact xexp[f dx’f dy’ o(x',y")

mostly pairwise. In this region we can no longer use the 0 0

distribution functions extracted from DIS or the perturbative .

elementary cross sections. X [e X/ +uy’) 1]] , (A7)

The central quantity in the IGM is the probability to form

a CF carrying momentum fractionsandy of two colliding

hadrons. It is defined as the sum over an undefined number

of MF’s: dn
w(x"y")=

(Zw)zftdtfjduexp[i(twr uy)]

where

. (A8)
dx’' dy’
XY= 2 - 2 x—npxg— - —nix] , _ _
ng ny n This functionw(x’,y’), sometimes called the spectral func-
_ o tion, represents the average number of gluon-gluon collisions
X oo —nvi]-P ... P(n;
oy =N1y1 i yil-P(n) (n) as a function ok’ andy’, contains all the dynamical inputs
of the model, and has the form
:{;}[5)(_2 n; X; 5y_2| n; Y; ]{1_[} P(ni).
. n; AV
i i . oggX'y S)
(Al) w(X ,y )_ O'(S)

G(x') G(y") O(X'y' —KZn),

(A9)
The delta functions in the above expression garantee energy- , ]
momentum conservation arﬁdni) is the probabmty to have whereG's denote the effective number of gluonS from the

n; collisions between gluons witk andy; . If the collisions ~ corresponding projectilesapproximated by the respective
are independen®(n;) is given by gluonic structure functionsand oyq and o are the gluon-

gluon and hadron-hadron cross sections, respectively. In the
(R)”i exp(—ﬁ) above expressiqn’ andy’ are the fractional momenta of
v v (A2)  two gluons coming from the projectile and from the target
n; ! whereasK ,i,=Mmy/+/s, with m, being the mass of lightest
_ _ ) o produced state angs the total c.m.s. energyn, is a param-
InsertingP(n;) in Eq. (A1) and using the following integral  eter of the model. The integral in the second line of &)
representations for the delta functions, is dominated by the low’ andy’ region. Considering the

) ) singular behavior of th&(x) distributions at the origin we
1 (+=
5x—2 n; X; :—f dtex;{it(x—E nixi)
L i | 2 —o0 i

P(ny)=

make the following approximation:

’

o 1
(A3) [e7 ) 1] —i(tx' +uy’) — 5 (X +uy")2

: L s (A10)

5_y— 2| i yi_ B Efﬂo du exp{m(y— El i yi) } With this approximation it is possible to perform the integra-

(A4)  tions in Eq.(A7) and obtain the final expression fg(x,y)
discussed in the main text:

we can perform all summations and products, arriving at

__ Xo _ 1 2Ny 2 2
(xy)=— f+wdtj+wduexrii(tx+u )] KON b, T 2D LY OO
XN = ome) .5 Y
—(YN2=2(xy)(x= ) (y—(y»1f, (A1)
xexp[z {n[e” ®ituy) 731, (A5)
: where
Taking now the continuum limit ny=<x2><y2>—<xy>2
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and The parametek is the one frequently used to incorporate
higher corrections imxg and is 1.3k x=<2.5 according to the

choice of G(x), of the scaleQ? and pt min- FOr PTmin

1 1
ny,m\ _
Oy = fo X7 fo dy y" w(xy). (A12) =2.3 GeV, k=2.5. The coupling constant is given by
Here x, is a normalization factor defined by the condition 127
X d Q)= - (AL7)
1 1
f dxf dy x(x,y)0(xy—K2 )=1.  (A13) (33=2Ng)In -5
0 0

whereA=0.2 GeV andN;=3 is the number of active fla-

In order to evaluate the distributiofA11) we need to ) . .
A1) vors. As usual in minijet physics we choo®&=p3? ,.;, and

choose the value ahg, the semihard scalpt iy, and de- A 5 . X )
fine G(x) and gy in both interaction regimes. We take use the distribution§&(x,Q“) parametrized in the literature.

P min=2.3 GeV andmy=0.35 GeV. These are the two  When the invariant energy of the gluon paiiis the in-
scales present in the model. The semihard gluon-gluon crogerval m§s§= xyss4p$ min We are outside the perturbative

section is taken, at order?, to be

~ v

ahy(xy.S) =k ——5—[a(Q)I?H,  (Al4)
16mein
where
Ho36T+ 2T 3)‘2T+9k| _ A15
B 4xy  gx2y2 xy 1T (A15)
and
)\ 1/2 4 2 )
T={1—— A= —Prmin (A16)
Xy s

domain. Parton-parton cross sections in the nonperturbative
regime have been parametrized 8], leading to a success-

full quark-gluon model for elastic and diffractive scattering.
Recently these nonperturbative cross sections have been cal-
culated in the stochastic vacuum modidb]. The obtained
cross sections are functions of the gluon condensate and of
the gluon field correlation length, both quantities extracted
from lattice QCD calculations. In order to keep our treatment
simple we shall adopt the older parametrization for the
gluon-gluon cross section used[iB4]:

554 (%.Y,8) = — (A18)

Xys

where« is the second parameter of the mofEL].
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