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Abstract

In this paper we apply to photoproduction total cross-sacé model we have proposed
for purely hadronic processes and which is based on QCD jetimiand soft gluon re-
summation. We compare the predictions of our model with tE&RHA data as well as
with other models. When we extend the model to cosmic rayggegrour model predicts

substantially higher cross-sections at TeV energies thaaels based on factorization but

lower than models based on mini-jets alone, without sofbigu We discuss the origin of
this difference and comment on the Froissart bound for phimtduced processes.
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1 Introduction

Understanding the energy dependence of total hadronis-s@gions continues to be an
important issue in the study of strong interactions per ser@he years, various descrip-
tions of this energy dependence have been given, followorg the basic QCD principles
at various levels of directness. Some approaches havedoarshow far one can reach
following the basic principles of analyticity, unitaritiactorisation etc., without any re-
course to the details of the particular hadron involved, neag at the other end of the
spectrum, there are models which include the basic priesipf QCD as far as possible
and then try to compute the cross-section in terms of medguoperties of the particular
hadron. Of course, all descriptions have to be consistehttive requirements of analyt-
icity and unitarity. Most descriptions involve a few “softion-perturbative) parameters,
which can not be determined through perturbative QCD. Adadsic symmetry, unitar-
ity and factorisation arguments may at times lead to cerstionships among these
soft parameters for various hadrons. Often they may bemeated only through fits to
the experimental data and then one may only test approxiraitgons among these in-
dicated by general arguments. In short, understanding ¢heviour of total hadronic
cross-section and other soft quantities such as multij@ecetc., from first principles, is
an extremely challenging problem and as stated before, agdlifferent answers with
varying degrees of relationship to QCD.

Hadronic cross-sections for processes induced by the plamid the hadronic struc-
ture of the photon itself, have played a very interesting iamgbrtant réle, in furthering
the attempts to understand the theoretical issues invalveéde subject [1]. Photon-
hadron interactions offer the theorists one more laboyatotest their various ideas about
computing “soft” quantities such as purely hadronic totaks-sections from basic prin-
ciples. Historically, it is the interaction of the highlyrtial photon with the hadron that
offered the first glimpse of (almost free) quarks and latevjted basic evidence for
perturbative QCD being the correct dynamics to explainmginmteractions in a certain
kinematic domain. However, in the present context, it isgheton structure function
language [2] used to describe interactions of the real osiguzal photon (invariant mass
square~ 0), with other hadrons or photon, that is of interest. In o, structure function
of a quasi real photon at large valuesmgfand that of a highly virtual photon (with large
values ofP? where— P? indicates the invariant mass square of the virtual photonal
values ofz.,, can be computed using perturbative QED and QCD alone, fge lzalues
of momentum transfer squar@? of the probe. However, equally important is the (non
perturbative) part of the real (or quasi real) photon strieetunction at smatt., which is
not amenable to perturbative QCD (PQCD) computations.



In this paper, we apply our eikonal mini-jet model augmenmgdoft gluon resum-
mation, which has been successful in providing an accep@dscription of thep/pp
data, to the description of total cross-sections of phatolniced processes. In our model
for the (purely hadronic) proton total cross-sections, werenable to compute the rel-
evant components in terms of basic QCD inputs such as theimgmally measured
parton densities, QCD subprocess cross-sections alohigawigw non-perturbative pa-
rameters. Given the prior success, it becomes of interasgtgdow the predictions of our
model, applied to the total hadronic cross-sections of@hotduced processes and using
the experimentally determined knowledge on the structtitbeo“real” photon, compare
with the data. We shall be mainly concerned with the issuéesanergy dependence.

To recapitulate: in this paper we explore the effects of @drbnic structure of the
photon through studies of total cross-sections involvihgtpns. While at low energy,
these cross-sections can be obtained through factomizatid vector meson dominance,
we believe that the high energy range poses a differentesiggl. We have argued in a
number of papers [2-5] that the energy dependence of thepliduced processes do
not seem to follow from a straightforward application ofttarzation properties of the
total cross-sections. We shall discuss various facteozaesults [6—10] and compare
some of them with the HERA data [11,12] as well as with preditt of our QCD eikonal
model with resummation, hereafter referred to as the BN {@8¢ The reasons for this
nomenclature will be clear as we describe the model. Somrts détails are summarized
in three Appendices, so as not to overburden the reader veitérial published elsewhere.

2 Total cross-sections: from pp toyy

Experimentally, all total cross-sections rise asymp#dycwith energy, but it is not yet
clear whether the rate of increase is the same for differestgsses and whether their
asymptotic behaviour satisfies or saturates the Frois&artin [14] bound. For any given
total hadronic cross-section, this bound says that asytnaly

o1t < O(log 5)?. (1)

Phenomenologically, the LEP data [15] seem to indicate tteatslope with which the
total v~ cross-section rises is not the same as in the proton ca3é{#]difference would
spoil the simplicity of the so-called Regge-Pomeron modekhich the high energy rise
is described through a single universal term [10]. Of couadletotal cross-sections do
rise and to appreciate it at a glance, we show in Fig. 1 a ceiqil of data orpp/pp
[16][17], vp [11,12] andy~y [15] scattering together with expectations from the BN mode
[13] to be described in the next section. Since the data spanergy range of four orders



of magnitude, with the cross-sections in the millibarn &fay proton-proton, microbarn
range for photoproduction and nanobarns for photon-phaotgpiot them all on the same
scale, one needs a normalization factor. The data suggestltiply the~p cross-section
by a factor~ 330 and theny~ by (330)?, as shown in Fig. 1.

It has been known for quite time [18] that to get the photopoidn cross-section
from the proton cross-sections in the region where they@peoximately constant, namely
after the initial Regge-exchange type fall and before tiggriveng of the high energy rise,
the multiplicative factor to apply for each photon leg in titess-section can be obtained
from Vector Meson Dominance (VMD) (to go from a photon to a o/@sand a quark
counting factor, namely
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we would obtainR, ~ 1/360, consistent with the value indicated in the figure.

Note that there is no a priori reason to expect the scalingirfao be energy inde-
pendent.

On the other hand, while at low energies the fadigrcan be evaluated through
VMD considerations at high energy it is likely to be diffet¢20] due to the difference in
the quark and gluon content of photons [2] versus that of Hudns.

The use of just a multiplicative factor to compare the phgqicocesses with each
other and with the pure proton processes, is the simplest @drfactorization More
complex forms of factorization exist in the literature, ashe case of a recently proposed
formulation by Vereshkov and collaborators [21] or in thed®bby Block et al. (also
called Aspen model) [22] as we shall comment upon in the Edian.

The above points to the need for a description of high enehgpggm interactions
where reliable predictions can be made based on the quadnpsructure of the photon.
As stated earlier, we have developed such a model for pueglyomic processes [13,23—
25] and shall extend and apply it to photoproduction proeegsthe next section.
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Figure 1: Proton [17] and photon [11,12,15] normalizedltotass-sections with a typical
curve expected from our BN model [13] fop.

3 The Bloch-Nordsieck model (BN)

This model is based on the eikonal representation for tred tobss-section [26], and,
in the eikonal, it incorporates QCD inputs such as partamepacross-sections, parton
densities extracted from perturbative QCD fits to the datiya kinematics, and soft
gluon resummation. In detail, we use:

1. QCD mini-jets to drive the rise of the total cross-seciiothe QCD asymptotic
freedom regime;

2. the eikonal representation for the total cross-sectidimtive real part of the eikonal
approximated to zero and the imaginary part obtained thronigi-jet QCD cross-
sections;

3. an impact parameter distribution, as input to the eikogyalesentation, obtained as
the Fourier transform of the re-summed soft gluon trang/erementum distribu-
tion;



4. resummation of soft gluon emission down to zero momentusoften the rise due
to the increasing number of gluon-gluon collisions betwkenx, but still hard
perturbative, gluons.

While the eikonal representation with the mini-jet inpushang been in use, our model
differs from other existing eikonal models, in that the impparameter distribution is
energy dependent and derived from soft glépmnesummation, which gives the model its
name.

The BN model was applied to proton-proton scattering, oltgi a total cross-
section at LHCo(y/s = 14 TeV) = 100 £ 12 mb, where the error reflects various
uncertainties such as in the choice of parton densitiesn®mptoton, minimum parton
p; cut-off, calledp,,..,, and the infrared behaviour of soft gluon coupling. Thug th
model has a number of parameters, some of which have a physeaing associated
with confinement. As such we do not know how and if to changethe one goes from
protons to photons. We shall try to vary them by no more thd9% from their proton
case values: whenever a stronger variation is required,hak discuss it. The model
predictions are obviously dependent on the parton deasitithe photon: as in the case
of the proton, we shall try different available sets, ob¢diby fits to the data on the photon
structure function?y, and see how best to describe the available data withougatsan
much the parameters of our model. Application to photonsdvanrequires an additional
insight: the eikonal representation calls faranslationof the hadronic language to the
photon. One first needs the probabilif,,,, that a photon behaves like a hadron and one
can then use the eikonal representation, as in Refs. [27,28]

ot = 2Phad / d20[1 — e (b)) 4

where the real part of the eikonal has been approximated ezl the imaginary part is
obtained from the average number of inelastic collisiomsafgiven impact parametér
n?(b, s), at a given c.m. energy’s. Following our BN model for protons, we distinguish
between collisions calculable as QCD mini-jets, and evengt else, writing the average
number of collisions as

nﬁyp(bv S) = ”szt(Q S) + nZ§¢d(b7 5)
=nler (b, 8) + A(b, 5)0}5,(8)/ Phad (5)
with n,..4 including all outgoing parton processes With> p;...,. In EQ.5 the impact

parameter dependence has been factored out, averagingemagties in a manner similar
to what was done for the case of the proton in [24]. Becausgetheross-sections are



calculated using actual photon densities, which themsejixe the probability of finding
a given quark or gluon in a photoR,., needs to be canceled outip,,.,. As for its value,
Proa = Pyyp- Prea IS NOtthe same numerical factdt, used in Fig. 1 to normalize all
the cross-sections at low energy, but it can be connectddjomaking an expansion of
the eikonal in the low energy region, wherg, ~ 0, as shown at the end of this section.
Also, while P,,; can be factored out in some models, as we shall see lateddbsnot
happen in the BN model.

The mini-jet cross-section is obtained by integrating tiaddard QCD inclusive jet
cross-section, using a lower cuteff,,;,, as described in Appendix A.

The mini-jet cross-sections are to be calculated usingpatensities (PDFs) for
the proton and photon determined from perturbative QCDyaisbf the data oy , £’
as well as a variety of other data on hard processes for therpr€ommon ones for the
proton are GRV [29], MRST [30], CTEQ [31], whereas those Fa&r photon are GRV[32],
GRS [33], CIKL [34]. These densities are available bothadileg order (LO) or higher,
but in our model we use only the LO ones, as part of the NLO &ffape described by
soft gluon resummation and the use of NLO would result in sdméble counting. Of
course, in using densities and parton-parton cross-seatioly at Leading Order but with
resummation of soft gluons, our model lacks the non-inttgr@t of the NLO corrections.
Since we consider the resummation effects in the infrargidneto be the most important
for saturation and these are easily incorporated in our inadehave opted for LO den-
sities, and thus also tree level parton-parton crossesectind one loop,. We show in
Figure 2 the energy dependence of the mini-jet cross-sectmr ~p collisions, for two
different sets of parton densities for the photon, GRS arLCWVe have used different
values of the cut-off, namely,,.., = 1.2,1.3,1.4 GeV for GRS densities, higher values
for the case of CIKL densities, which give jet cross-sestwhich rise faster with energy
than those calculated using GRS [35]. As for the proton dieissiwe have done all the
model calculations using GRV94.

These cross-sections grow very rapidly as the energy isesgaeflecting the infi-
nite range of QCD theory. Since the finiteness of strong attéwns is reflected by the
finite spatial extension of hadrons, one could hope that ifenal representation would
check such growth through the impact parameter distributibich appears in Eq. 4. A
frequently used distribution is obtained as a convolutibthe form factors of the collid-
ing hadrons [36], namely

420 = [ S F e ®
(2m)?
However, it was noted already in case of proton cross-ge¢#id] , that, without the
inclusion of additional parameters, this choice is unableeproduce both the early rise
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Figure 2: Left panel: Photon-proton jet cross-sectionsgliiferent densities and a range of
Pimin Values. Right panel: average value of the maximum tranevamsmentum allowed
for single initial state soft gluon emission,p scattering.

and the expected, Froissart -like, subsequent levelingtdfigh energies. Apart from this
purely phenomenological consideration, the form factacdetion becomes undefined
when dealing with photons. For photons, such models, whietedel Form Factor (FF)

models, depend on how one defines the photon form factor. dditdrature, the first

attempts to apply the mini-jet eikonalized expression ® photon cross-sections [27]
used a monopole expression for the photon ( as in the pior) easethe usual dipole
expression for the proton form factor with = 0.71 GeV?, obtaining

1 22
AP — E%[VMQ(VZ))
0
202
Ty (Ko(vb) — Ko(kob))] (7)

with k2 = 0.44 GeV? . The above expression can be adapted to photon data by garyin
the parametetk,, and in such case the pion form factor expression for theguhcan be
understood to represent an intrinsic transverse momerB8g]. In the Aspen model
[22] there is still another possibility, namely the overfapction is parametrized as the
Fourier transform of a dipole form factor

2
_ M 3
with three different scaling parameters for the three temmshich the eikonal is split,

guark-quark, quark-gluon or gluon-gluon scattering. mAspen model one uses a single



functional expression for the b-distributions in hadradion, hadron-photon or photon-
photon scattering, but the difference between these diftgprocesses is entered in the
parametey’s which scale among the various processes according todihiéve quark
model. A similar modelling is also present in another QCDpired model like the one
of ref. [39]. More fundamental attempts to obtain the phatopact factor in the context
of perturbative QCD can be found in [40] and references there

In this paper we opt for a different procedure, following #ane strategy used in
case of the proton cross-sectons. For hard collisions, wemigi-jets and soft gluon
resummation and use,,.q given by:

Aé%(b, S>Ujet

b pr—
nhard( ) S) Phad (9)
with
PPK.) .
AR ) = N [, EEED
¢~ dmaz) s
= = ABN(b7 qmax(s))' (10)

f dzbe_h(b7(Imacv)

The functionA4% is normalized to 1 and is obtained from the Fourier transfofrthe
soft gluon resummed transverse momentum distribution,setstructure we discuss in
the next subsection, with further details in Appendix B toe tonvenience of the reader.

To complete the calculation of,,,, for vp, one has to specify the value &%,
which in eikonal models [22,28] indicates the probabilitvat a photon behaves like a
hadron and is defined by the low energy part of the crossesectit low energy, namely
for /s ~ 5+ 10 GeV/, the mini-jet cross-section is indeed very small ard, s) =~
nsoft(b, s). This part of the cross-section is outside the range of tiugative QCD
model we have described so far. Using Eq. 4, we find that we eaa good description
of the low energyyp data for the total cross-section with

2
”fot(b, s) = gnigft(bv s) (11)

wherenﬁfjft(b, s) is the same function we have used for our description of prptoton
collision in ref. [25] andP,,; = 1/240, a result consistent with Eq. 2.

4 The impact parameter distribution and the saturation parameters

The distributionAz v is energy dependent through the quanijty.. (s), which represents
the average maximum transverse momentum allowed to a ssofiegluon emitted in



the initial state in a given hadronic collision. This quanis the input to the kernel
h(b, ¢maz ), Which describes the exponentiated, infrared safe, nuoiftsngle soft gluons
of all allowed momenta and is given by,

16 Gmaz(8) dk, a L2
h(b, Qmax(s)) = ?/0 k‘—tt ;t)

« <log 2qu($)) (1= Jo(kub)] (12)

We shall discuss the physical meaning of this integral andihoontrols the saturation of
the cross-section through its limits of integration in tiextsubsections. Before doing so,
we can anticipate that, in our model, saturation is obtatheolugh soft gluon emission
and is regulated by a constant infrared parametard the energy dependent momentum
functiong,,.. as follows:

1. the energy dependent momentum saturation paramgiefs) depends on the en-
ergy behaviour of the density functions of colliding pag@mnd orp;,,.;,., the mini-
jet cut-off,

2. the infrared parametex, to be specified shortly, defines the infrared behaviour of
as(k?). The closer its value is to 1, the more the mini-jet crossises will be
qguenched at any given energy.

4.1 The momentum saturation parameterg,, . (s)

For any given parton parton collision,....(s) can be defined by kinematics. We intro-
duced this quantity for the first time in [24] to represent thaximum transverse mo-
mentum carried by a single gluon, averaged over the baditesog cross-section with a
procedure described in Appendix C for the convenience of¢hder.

To highlight the physical meaning of,...(s), let us define the saturation parameter

,% — \/g_\/ éjets

Vi for each parton pair of c.m. sub energwhich scatters into a final parton
pair of c.m. energy/5;..s- Let us now use the kinematics of the process

parton(zy) + parton(xs) — gluon(ky) + jety + jety (13)

to write the maximum transverse momentum of the emittedrgluothe case of limited
energy loss as [41]

VE o Bjs, V3
kma:c:—l_ ) & —F 14

This quantity plays a major role in our model. As the avagablm. energy in-
creases, it starts increasing, depending upon the pratyatfilproducing a parton pair
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scattering into a given final state. It thus depends uponéhsities and the parton-parton
cross-section. As it increases, more and more acolliygaribtroduced in the scattering
and the stronger is then the reduction in the growth of the-jatrcross-section.

Notice that now there appear two different scales and bethdperturbative gluons
as well as soft gluons. We stress the distinction betweam:th@wv-x gluons participate
in the hard parton-parton scattering described by the patrgross-section discussed in
the previous section, for which

Prout = pget 2 Ptmin ~ 1 - 2 Gev (15)

These low-x perturbative gluons interact with a strengthpprtional toc, (p?, ), while
soft gluons are those emitted, from the initial state, in giwen parton-parton process
with transverse momentum

kt S ktmaa: ~ 10 - 20% Ptout (16)

This scale k... defines the single soft gluons, whose number can be indefifitese
soft gluons need to be re-summed through the procedure wésclits in the exponenti-
ated factor of Eq. 10.

In a model such as ours, which is not a Monte Carlo simulatiotn® processes
involved, we have opted for averaging these effects, embgdipem in a factorized ex-
pression like the one given by Eq. 10, with,.. averaged out to obtaif,,..., as shown
in Appendix C. The expression faf,..(s) depends both on the parton densities and the
value ofp;,.;. The resulting quantity is energy dependent since the tlessire energy
dependent through the applied DGLAP evolution. The aveggrocess done in this
model includes only quark densities as the source of thergatollinearity effect. We
consider the leading effect to arise because of soft gluasseom from the external legs
of the scattering process, valence quarks for the protomtzead all flavours of quarks
for the photons. An improvement of the model could includi# gtuon emission also
from the low-x perturbative gluons, as we shall discuss iorghtoming paper. In the
right-hand panel of Fig. 2 we show the dependence,f (s) upon the c.m. energy
of the colliding particles, for the same densities ang;, values used in the mini-jet
cross-sections shown in the left panel.

As ¢, Increases with energy, the growth of the total cross-sectie to mini jets
is tempered by soft gluon emission, through the exponedéaiping factor="(:4maes),
However, there is an equilibrium between the increase,9f and the rate of increase
of the mini-jet cross-section since one reflects the quarksiteand the other the gluon
densities. The distribution of these partons at high enétigws the parton sum rules

11



and one is not independent of the other. From the right hanelp# Fig. 2 we see
that ¢,,.., for both GRS and CJKL densities, will reach some sort ofrsditon at high
energies, which reflects in the total cross-sections regchistable slope.

The saturation momentum parameijgy,. is hot the only quantity which gives rise
to saturation, the infrared limit af, also plays a major role. We shall discuss this in the
next subsection.

4.2 A phenomenological approach to the infrared limit ofa,

To complete the calculation of the impact parameter distidim for hard processes in
~p collisions, we need to discuss the lower limit of integratio Eq.12. Usually, the
soft gluon resummation formula extends the soft gluon mdaeméman infrared cut-off
taken to correspond to the intrinsic transverse momentae st the scattering hadrons
[42,43]. Instead, in our model, we extend the integratiowm®o the zero momentum
modes. To do so, we need therefore to make an ansatz as tettheidur of the strong
coupling constant in the infrared region, where the usuahgsotic freedom expression
for a,(Q?) cannot be used. One possibility is to use an expression winchd go to a
constant ag)? — 0 asin
127 1

J(Q?) = , 17

with @ ~ 2 [44—-46] andA = Agcp. This expression is often referred to as frezen
a, case. Another possibility is to take inspiration from theshRirdson potential for
quarkonium, which uses a singular, namelya = 1, so that

M@ @0 (18)
The Richardson potential has been shown to give good resuttescribe charmonium
states [47], but cannot be used here because the integraheveoft gluon modes would
diverge. The reason it works in quarkonium applicationsha in this case one never
actually reaches values correspondin@to= 0, since the potential binds the two quarks
in a finite region of space. In order to be able to use the Ritswar-likea” we soften
this singularity with the proposal that in the infrared linrone can phenomenologically
use the expression
AN

as(ki) = constant x (k_t) ke — 0 (19)
whereA is a cut-off of order 100 MeV, angdis a parameter which embodies the infrared
behavior, withp < 1 so that the soft gluon integrals converge. For the time heirgy

12



consider the above expression as a phenomenologicakzan3ate constant in front of
Eq. 19 should be chosen to provide a smooth extrapolatidmetpeérturbative expression
for a,. Our choice for the interpolating function is

127 P

= 33 — 2Ny In[1 +p(%)2p] (20)

U

This expression was also introduced to describe the imtringnsverse momentum of
Drell-Yan, with the choice\ = 100 MeV [48] andp = 5/6. This choice for the infrared
behaviour (zero momentum gluons) was motivated [13] by garaent due to Polyakov
[49]. Itis clear that the closeris to 1, the bigger the soft gluon integvalb, g,.q.(s)) is
and the stronger the saturation effects will be.

We shall show the results for the totgl cross section for this and other models in
the next section.

5 Total vp cross-section at accelerator energies

We shall examine/p scattering data both at low and HERA energies and compane the
with model predictions. We have also included some cosnyiclaaa [50] in this energy
range and an extrapolation@ﬁ = 0 of a set ofy*p data obtained with the ZEUS Beam
Pipe Calorimeter (BPC)[51-53].

Let us start with the BN model for photons as described in tleipus section.
We have used GRV densities for the protons [29] and haved/énie photon densities,
using both GRS and CJKL. We show the result of the model andependence upon the
model parameters in Figs. 3,4. In Fig.3 we have vapieg, and the densities to describe
the high energy data from HERA in addition to the most acdaptdescription of the
beginning of the rise, while keeping the parametén a range close to thgp/pp case.
In Fig. 4 we have allowed for a larger variation in the valughs infrared parameter,
fixing the PDF set and a range of appropriate valuep{s,.

In order to obtain a good model description, we shall focusamty the HERA
data, but also on the beginning of the rise, as this signal®tiset of the contribution
of QCD processes and is strongly dependent upgp,. We can see from Fig. 2 that,
for the range opy,..;, values of interest, the mini-jet cross-sections calcdlatigh CIKL
densities rise faster than those calculated with GRS. lhva that, to describe the same
HERA data, one will need to use different valuespgf;, depending upon the PDF set
used. Thus CJKL densities call for a largey,;, than GRS densities. In Fig. 3 the
infrared parametep has been kept around the value determined fronmph@p cross-
section, namely ~ 0.7 + 0.8. We see that the range of acceptalylg;,, values for GRS

13



densities is not far from those used in the pp case, wherg,,.;, ~ 1.1+ 1.25 GeV/, but
it is higher for CIKL.

To summarize the results of these figures, the latest HERA atat well described
for a range of parametefs= 0.75 + 0.8 andp;,.;, = 1.2 + 1.3 GeV/, to be compared
with thepp andpp case where the range was very similar, with our central valae).75
andpy..., = 1.15 GeV for GRV densities. A good description is also obtained wifiKC
densities, but then one needs a differgntp,....,} set, as one reads from the second panel
in Fig. 3. To quench the higher rise in the CJKL case, one dherise a larges;,,,;, or
a larger value of the parameterThe dependence from this parameter can be appreciated
from Fig. 4. Notice that to catch the early rise, arouyid = 20 Gel/, one needs a small
Pemin, DUt then this requires a larggtvalue in order to quench the rise and not overshoot
the HERA data points.

All'in all, we can say that the model adequately describeptizeon-proton cross-
section data and we can try to extend it to higher energies $o make predictions for
cosmic ray energies to be reached by the AUGER experimerb3h4We turn to this
problem in the next section. But before this, we address tlestipn of factorization:
is a photon like the proton just multiplied by a constant daet From what we have
seen so far, one could descripetotal cross-section up to HERA energies either through
a microscopic model such as our BN model, with quarks andngluor through other
approaches based on various forms of factorization. Inquéat, the Aspen model also
gives a good description as do other approaches, based tiplyng) the result of fitting
pp/pp data with a constant factor. We shall discuss this pointéncttming subsection.

5.1 Factorization: a hadron-like photon

In the previous section, we have applied our model to thd tgiaross-section, using
available photon densities, going through the varioussstegfining our model, namely
calculation of mini-jet cross-sections, evaluation of éimergy dependence saturation pa-
rameters, determination of the energy dependent impaeainer function from soft
gluon resummation s (b, ¢maz($)) and finally eikonalization. In this approach, at high
energy, the photon is an independent entity from a hadrath, the rising behaviour of
the cross-section and the b-distribution of thecollision determined independently from
otherhadron — hadron collisions such as pp. This is different from other modets, f
instance from the Aspen model [22], where the photon pragsedre obtained through
scaling factors inspired by the additive quark model. As aseguence, in the Aspen
model for photons, one can prove a factorization propertyfich would then allow to
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Figure 3: Totalyp cross-section with a range of parameter values close to riterp
case, GRV densities for the proton and GRS or CJKL densitiethé photon. Data from
HERA are from Zeus [12], H1 [11] and a set of data from the ZEUBCB=xtrapolated
from Q? # 0 [52,53].
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Figure 4: Totakyp cross-section with GRV for proton and CJKL densities forgheton,
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extract they~ cross-section simply as [6]

(00t)?
nn
tot

Ttot = (21)
with ¢,, to indicate the nucleon cross-sections. We shall discuss{hcross-sections
within our BN model for photons in a separate paper, howewenatice that such factor-
ization is not to be expected in the model we present here.

Other types of factorization models are based on the Reggeefn exchange,
keeping a constant universal behaviour of the rising patth@fross-section with coeffi-
cients based on the factorization of the residues at thespolthe elastic amplitude, so
that

Opop = XpnS~ T+ Y,5° (22)

Oy = Xoyns T+ Y8 (23)
X.n)? Yon)?

ol = ()(48_" + <Y77)86 (24)

with e ~ 0.08 = 0.09. This type of factorization is of course different from theeo
in Eq.21, but it still implies the idea that there is a uniarsehaviour of the energy
dependence, not only at low energy, where one can confidasslyme that the hadronic
interactions of the photons are those of a vector meson |$mgahigh energy.
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Such a description of the photon, i.e, that the photon is ydvweadron-like, could
be reflected in our model by simply scaling the BN cross-sadtr protons, as

olh = R0, =R, 2 / dPO[1 — e 09)/2] (25)

Present accelerator data fgy are consistent with factorization models, including an ap-
plication as given in Eg. 25, but as we shall see in the nextmseat higher energies,
expectations will differ.

6 Extrapolation to very high energies and the Froissart boud

In this section we extend our calculation beyond preserglacator energies and compare
our predictions with other approaches. We start with thepkest factorization model of
Eq. 25 and multiply the band of results obtained in ref. [2&] proton-proton total
cross-section with a constant factor. This is similar to tmve did in Fig. 1, except
that we use the full band from Fig. 2 of ref.[25]. Let us indecghese predictions as
BNp = BN,tons/330 (F for factorization). We then compare this band with theultss
obtained using the BN model with photon densities, GRS arkl.Cdamely the curves
shown in Fig. 3, extended tg/s,, = 20 T'eV. This comparison is shown in Fig. 5.
We see that, at energies around and through the TeV regehahd obtained from!”
falls short of what the BN model for photonB {V.,) predicts. Other models, which enjoy
factorization like the Aspen model, also remain lower thancurves. While at moderate,
HERA like energies, all the three models, Asp81y,, or BN give acceptable fits to the
data, there is a difference of almost 50% among their higihggnextrapolations. Thus,
the first interesting conclusion from this exploration oé thery high energy region is
that there is a distinct difference between predictionsifour BN model and those from
the QCD inspired model of Block et al. (Aspen) [22], as welfrasn a straightforward
multiplication of our band of predictions for the proton @#sia normalization factor.

The next interesting result from this extrapolation appednen one compares our
model predictions with the fit to HERA data by Block and Haltzesed on low energy
parametrization ofjp resonances joined with Finite Energy Sum Rules (FESR) amid-Fr
sart bound saturation [56]. Fig. 6 shows a band correspgrtditthe predictions of our
model for photons (upper band) compared3d’;- (lower band), the Block and Halzen
fit [56], the Aspen model of [22], and an eikonal mini-jet cerwhich uses the proton
and pion form factors for the impact parameter distribu{feiR model). The central (full)
curve in the upper band corresponds to th&, model withpy,,;, = 1.3 GeV,p = 0.75
and GRS densities.
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Fig. 6 deserves some comment. For the curves shown in thigfithe parameters
have been chosen so as to reproduce the highest availablerator data (through,,.;..
andp values for the BN model, and through,.;, for the FF model) and the low energy
data, the latter througl?,., ando,. As the c.m. energy increases, the model results
show noticeable differences between ttagron-likemodels, Aspen an@® Ny, and the
photon-density modeB V., and much more between all of them and the eikonal mini-jet
(EMM) Form Factor model. Neglecting the FF model, which wmkhis incomplete,
we nonetheless have a remarkable difference in the verydnighgy rangel0 TeV and
beyond. Because these prediction may impact strongly omphioton content of high
energy cosmic rays [54,55], this difference does matter.

We notice that the curve, labelled Block-Halzen (BH), fros6] lies within the
band of theB N, model. The BH curve is based on a best fit to low energyata, joined
smoothly with a fit of high energy accelerator [11,12] andnsimsray data [50] of the
form

0.y = o + c1log(v/m) + calog?(v/m) + Bp: /\/v/m (26)

wherev s the laboratory photon energy. In ref. [56], the resultshed fit indicate sat-
uration of the Froissart bound. There is a noticeable diffee between the slope in the
rising part of the cross-section between the Aspen modetlam@H fit, as there is be-
tween the modelling content between all these descriptior@sur model the rise is based
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on the gluon densities entering the calculation of the QCbhijeits cross-sections and on
the soft gluon resummation ansatz for the impact parandgtarbution. The calculation
of these inputs relies on realistic PDF distributions andia¢ LO, parton parton cross-
section. Then, the very high energy (in the TeV region) agexd between the BH best
fit based on an analytic expression and our results is an @mtigmt check of the correct
physics content of the BN model. This fit confirms the inheretdrest of our approach
based on QCD mini-jets and soft gluon resummation.

For possible use, we report in table 1, the numerical valbégirmed in our model
for the cross-sections shown in Fig. 6.

Table 1: Values (inmb) for total cross-section fofyp scattering evaluated in the c.m.
energy of colliding particles, corresponding to the baruss in Fig. 6.

Vs EMM with Form BN, model | BN, model | BNyproton/330 | BNproton/330
GeV Factors,GRS (upper curve) | (lower curve) (upper curve) (lower curve)
Pemin = 1.5 GeV top band top band lower band lower band
5 0.116 0.116 0.116 0.118 0.119
10 0.115 0.116
11.46 0.114 0.115 0.114
48.93 0.122 0.130 0.121
50 0.131 0.129
100 0.15 0.143
112.14 0.139 0.155 0.140
478.74 0.238 0.228 0.203
500 0.199 0.182
1000 0.221 0.199
1097.3 0.352 0.279 0.250
4684.6 0.635 0.384 0.338
5000 0.280 0.240
9000 0.310 0.255
10736.8 0.829 0.449 0.390
14000 0.335 0.266
20000 0.985 0.499 0.429

6.1 About the Froissart bound

What do we know, on general grounds, about total crossesectit very high energies?

A crucial information comes from the Froissart-Martin bdyi4] : we have shown in
[25] that the BN model in the proton case gives predictionssgient with saturation of

the Froissart bound, namety,, ~ log?s ass becomes large. However Fig.6 indicates a
difference for photons, as already highlighted in the ldtrction. This can be understood
because the Froissart bound is related to the analyticiyepties of the elastic amplitude

in the complex: = cos @ plane and is based on convergence within the so called Lehman
ellipse, which crosses the real axis at

22
20:1+% (27)
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wherey is the mass of the lowest hadron. This tells us that the Fadissund is related
to a finite range of the strong interactions, namely to confieret, withp typically the
pion mass, and we can expect the Froissart limit to be satisfieadronic collisions such
aspp/pp or mp. However, for the photon the situation is clearly differeWhile at low
energy, the photon in its interactions with hadrons behbkesa vector meson, into which
it can easily fluctuate, when we extrapolate the crossaetdienergies of0 — 100 TeV/

in the~p c.m., one is too far from the hadronic scale and the photonataany longer be
considered a vector meson. At this point we still expect ssateration effects but not as
strong as in the proton case. This, in our opinion explaing thibe curves fopp/pp and
~p differ in their asymptotic behaviour.

From a numerical point of view, the curves for the BN modelgortons and pho-
tons differ because the b-distributions for protons or phetobtained in our model from
Apn(gmaz($), b) differ, and they differ because the maximum momentum altbteen-
dividual soft gluons is different. This quantity for the bapart is obtained through the
kinematic constraint averaged over the quark densitiestantitter are of course differ-
ent for protons and photons. This is apparent from a compat$g, ... (s) for pp [25,57]
and~p : for comparable c.m. energigs,...(s) for pp rises to higher values than the one
for ~vp, resulting in more saturation fgp. These differences are due to the quark densi-
ties entering the averaging process definjpg. (s): densities are a phenomenologically
extracted quantity and as such it is to be expected that #ilegt the different structure of
the interacting particles, namely the difference betwedance quarks bound in a proton
and quark pairs in which the photon will split and their regpe evolution.

7 Conclusions

We have applied tep scattering an eikonal mini-jet model with soft gluon resuation
developed for the proton total cross-section. The modagan the parton structure of
protons and photons and indicates a different high energgaweur for~p relative to
pp andpp. We suggest that this different behaviour may be due to tfiereint parton
structure and high energy evolution properties of quarkkénproton and quarks in the
photon. Furthermore, this result strengthens our confiel@mthe BN model as a good
approximation to a QCD description of hadronic interactsionminimum bias processes.
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Appendix A: The mini-jet cross-section
The QCD jet cross-section for the process
hadron s + hadrong — X + jet (A1)

is obtained by embedding the parton-parton subprocess-sexgion with the given par-
ton densities and integrating over all values of incominggramomenta and outgoing
parton transverse momentyn) according to the expression

AB Vs/2 1 1
Ujet (57 ptmin) - / dpt / dl’l / d{lj’g
Ptmin 4]7?/8 4])?/("[13)

dér(s
X Z fi\A(xlap%)fj\B(x%p?) UZ](S)

(A2)
ikl dp,

whereA and B are the colliding hadrons or photons, in this cdse proton, B — . By
construction, this cross-section depends on the partipale@metrization of the DGLAP
[58] evoluted parton densities, some of which do extend tg kmv x-values but not too
highp? values. This cross-section strongly depends on the lowestiue on which one
integrates. The termmini-jet was introduced long ago [59,60] to indicate all those low
p: processes which one can still expect to be QCD calculablevbigh are actually not
observed as hard jets:; being the scale at which to evaluatg in the mini-jet cross-
section calculation, one can hayg,;,, ~ 1 + 2 GeV'.

Appendix B: Soft gluon transverse momentum distribution

The soft gluon resummation formula in the transverse moumentariable has been
known for a long time and reads [42,43,61]:

’b .
2 12 iK | -b—h(b,gmaz(s
dP(KL)_dKl/We +b=h(bgmaz(s)) (B1)
with
q"baw(s)
h(b, Gmaz(5)) = / d*n(k)[1 — e *P] (B2)
0
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whereg,....(s) is the maximum transverse momentum allowed to single earidsy a
parton pair. While in QEDIPn (k) o< alog(%) and resummation in transverse mo-
mentum variable is well approximated by first order expamsiay, in QCD this formula
brings in a non-trivial complication, namely the imposBibito extend the asymptotic
freedom expression down g = 0. What is usually done, is to separate the integral
into two regions, one where one can use the asymptotic freezkpression for,, and
the other region giving a constant term, the so cailgdnsic transverse momentuaof

the hadron. The functioh(b, s) to input the relative transverse momentum distribution
induced by soft gluon emission from a pair of, initially eoéar, colliding partons at LO,
reads as

h(b, ) = bFE)+ — —In— B3
(7 ) CQ(M,, )+3 T kt nkt7 ( )

where the integration only extends down to a sgal@he last integral can be performed
and is equal to

16 /Eas(k:t)dkt 2F
M

—ln(%)}. (B4)

This expression however fails to reproduce the entire rafidgiee energy dependence of
low energy transverse momentum effects and we suggest ibwisk its full integration
range, proposing, as described in the text, a phenomerwalogpproach to the zero-
momentum soft gluons. This allows us to extend the integrahé minimum allowed
value zero.

Appendix C: The calculation of g, (s)

Simple kinematics can give the maximum transverse momeatiaved to single gluon
emission in a process like

partony (x1) + partong(ze) — gluon(k) + X (Q) (C1)
namely
2 2
M (21,25, Q%) = ga — Ci ) (C2)

with § = sxix5. If X represents two jets from the outgoing parton-antipanpair, one
can use)? ~ 4p?. The calculation is simplified by introducing an averagerakie parton
parton cross-section and integrate overralblues [41] obtaining

s [ (dz1dzs) f;czlf\/M(l — 2z)D(x1, 3)
() = \/g J(dz1dzs) le dzD(xq,x2)

min

(C3)
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wherez,.., = 4p? . /s, D denotes the usual quark density expression

D(wy,w5) = Y [filwn) /][5 (w2) /o] (C4)
i
and we have also assumed that the parton-parton crosersegtpearing at both numer-
ator and denominator, can be evaluated at its maximum vajue,p;,..., thus dropping
out of the calculation.
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