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Extrapolation of hadron production models to ultra-high energy
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Abstract. QCD-inspired models of high-energy hadron pro- 2 Inclusive minijet cross section

duction can be used to predict, among others, cross sections,

mean production multiplicities and multiplicity fluctuations. Thanks to asymptotic freedom, perturbative QCD allows us
These quantities are closely related due to the QCD factorizato calculate jet production in binary parton-parton collisions.
tion theorem and Abramovski-Gribov-Kancheli cutting rules. The expression for the inclusive cross section reads in leading-
Focusing on the generic structure of models implementingorder perturbation theory

minijet production, we discuss QCD predictions on minijet

cross sections and constraints from HERA and Tevatron datazaje (s, p"*°%) = K /d;vld:vngpJ_
QCD
1 2 2 daij—>kl
X ——fai(21, Q%) [ (2, Q") —5——, (1
i§l1+5k,lfx4,( 1, Q%) fB,j(22, Q%) Ty, 1)
1 Introduction wherefa ;(z1,Q?%) andfp (2, Q*) are the parton distribu-

tion functions of hadrom and B for the partoni. Eq. (1)

refers to the integrated minijet cross section for jets with
Almost thirty years after its proposal, QCD is now the ac- transverse momentum, > p<*t°ff. The factork accounts
Cepted theory of StrOﬂg interactions. Itis clear that a successypr neg|ected higher-order contributions and is expected to
ful high-energy hadron production model has to be based ompe approximately 2.
or compatible with QCD predictions. However, althoughwe  The QCD factorization theorem states that Eq. (1) will al-
have numerous and detailed QCD predictions for large movays have a structure which factorizes the parton densities
mentum transfer processes, our understanding of the bulk o4nd the hard interaction process, independent of the order
hadronic interactions is still rather limited. Any detailed cal- j, perturbation theory and the particular hard process. QCD
culation of high-energy hadron production, as needed for thgactorization holds in the limi? > Aqep whereQ? ~ p?
simulation of extensive air showers, requires many additionalg the hard scale of the partonic interaction process'asih
assumptions which cannot be justified on grounds of theoretiig the QCD renormalization scale. It is important to notice
cal predictions. Often different models predict very different tnat the QCD factorization theorem refers to fully inclusive
particle distributions if extrapolated to high energy. Theseprocesses, i.e. there are no additional conditions imposed on
differences can mainly be understood in terms of differentthe interaction of, for example, the hadronic remnants. In
assumptions on QCD-predicted cross sections and their imparticular Eq. (1) does not specify how many hard partonic
plementation in these models (Engel, 1999b). interactions happen per hadronic collision.

In the following we will discuss QCD predictions for jets ~ The minijet cross section depends strongly on the trans-
with transverse momenta in the range of 2 - 5 GeV (minijets)verse momentum cutoff and perturbative QCD does not pre-
and their relation to the high-energy extrapolation of QCD- dict the smallest value gfs"* for which Eg. (1) is valid.
inspired models. We will emphasize model-independent quaflaively one would expect an energy-independent cutoff be-
tities at the expense of not always being able to present quarfause of the energy-independence of the condi@dn>

titative predictions. Aqcp-
Despite these limitations, Eq. (1) is the most fundamen-

tal QCD input to hadronic interaction models such as DPM-
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al., 2000), QGSJET (Kalmykoet al, 1997), and SIBYLL ML B s B B B
(Fletcheret al,, 1994; Engekt al, 1999a). Fig. 1 shows the 3

inclusive cross section for jet pairs in proton-proton colli-
sions as calculated with the GRV98 parton densitiesi¢ts|

et al, 1998). As reference the plot includes one example of
a hard cross section predicted before HERA data were avalil-
able (EHLQ, set 1) (Eichtest al,, 1985). In addition, col-

lider data and the fit of Donnachie & Landshoff (1992) (DL) ‘“g
for the total proton-proton cross section are also shown. 9
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Fig. 2. Inclusive charged particle cross sectionpjm collisions at
v/s = 1800 GeV. Data are from Abet al. (1988).

Fig. 1. Inclusive two-jet cross section for proton-proton collisions. ) ) )
tum cutoff implies that the disagreement between data and

Typically models implement minijet cross sections calcu- l€ading-order QCD starts alreadyat ~ 2.5 GeV. On the
lated with a transverse momentum cutoff of about 2 GeV (orother hand, transverse momentum spectra of charged parti-
an equivalent type of constraint). It is clear from the com- cles are fully compatible with"**" = 1.5 GeV at low en-
parison of the GRV98-based prediction fsftf = 2 Gev ~ ergy.
with the EHLQ cross section that the change from pre-HERA
to post-HERA parton densities will change the model pre-
dictions considerably. Whereas the predictions iy, ~
10%%eV are rather uncertain due to the extrapolation of the
parton densities to smatl, the hard cross section at Teva-
tron energies K., ~ 10'° — 10'%eV) is almost completely

determined by HERA data. Currently HERA measurement . , . ; .
extend down ta: ~ 104 (quarks) and: ~ 3-10~* (gluons) the probability for having: parton-parton interactions in a

for Q2 ~ 4 Ge\2 (Adloff et al, 2000). single hadron-hadron collision. The exclusive cross sections
Because understanding the minijet cross section is the ke{Pr the production of: jet pairs.rféjfift, have to satisfy
to understanding particle production at high energy, it is of - -
reat importance to determine reasonable values for the pa-
9 P P Otot — Z Ué’;]’e)t O2jet — Z n: Jé?e)t (2)
=0 n=1

3 From inclusive to exclusive cross sections

Exclusive cross sections are needed for the construction of
any complete hadron interaction and multiparticle production
Smodel. In terms of minijet production this means specifying

rameter it is most sensitive to, the transverse momentum cut-

off pguteff. Jet cross section measurements at Tevatron are

published only for large transverse momenta, > 50 GeV.  to reproduce exactly the QCD-predicted, inclusive minijet
However, one can use the transverse momentum distributionross section (1) and the total cross section known from ex-
of charged particles to derive some information on the mini-periment.

jet cross section. In Fig. 2 we show the inclusive cross sec- In general, Abramovski-Gribov-Kancheli (AGK) cutting
tion for charged particle production at Tevatron. The leading-rules (Abramovsket al, 1974) can be used to relate exclu-
order perturbative QCD predictions are calculated with PHO-sive inelastic and elastic cross sections to each other. For in-
JET (Engel & Ranft, 1996) anfl’ = 2. Although this com-  stance, the AGK rules specify the sign and size of the contri-
parison might be somehow biased by the limitations of thebution of an particular inelastic graph to the total and elastic
jet fragmentation model, it strongly disfavors the calculation cross sections. Because of space limitations we won't dis-
with psiteff = 1.5 GeV. Assuming a smooth turn-over in cuss in the following the cutting rules in general but only one
the cross section when approaching the transverse momeiparticular realization, the eikonal model.
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In a simple two-component eikonal approach the elasticconstraint (2). However, the amplitude (3) also predicts the

scattering amplitude reads

a(s,B) = % (1 — exp{—Xsoft (5, B) = Xnara(s, B)}), (3)

where B denotes the impact parameter of the collision. The
eikonal functions for soft and hard interactions are given by
xk(s, B) = 105,(s)Ar(s, B), with A, being the normalized
density profile function ané = soft, hard.

elastic cross section
san(s) =4 [ B jals. B (®)

At high energy a “black disk” like amplitude is expected be-
cause fromry,.q > oot follows

|B‘ < \/Utot/ﬂ--

a(s, B) " 2 (©)

Applying AGK cutting rules the inelastic cross section readg s can be seen from (7) the black disk limit leadsrtg, =

o0

Oine = /ng(l—exp{—Qx(s,B)}) = Z Onpyoms (4)

ns+np>0

with the partial cross section fan, hard andh, soft interac-
tions being

2 ar h 2 SO s
Ty, = /ng ( Xh, d) (X ft)

’I’Lh! ns!
X exp{_2Xsoft - 2Xha.lrd}-

(5)

Assuming that each hard interaction produces a minijet-pair
we get

oo oo
O2jet = § E Nh * Ony,ne = Ohard-

np=1ns=0

(6)
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Fig. 3. Eikonal model predictions for total and elasgie cross sec-
tions. The data are fgrp andpp collisions (Avilaet al. (1999) and
Refs. therein).

The total cross section is given by the optical theorem as

Oiot(8) = 4/d2B Sm(a(s, B)). (7)

Hence the structure of the amplitude allows us to have awes =

arbitrarily large inclusive minijet cross section in the eikonal
function if the profile function is of such a shape that the
scattering is restricted to impact parametBrs. B, With

oot ~ ™B2,.. This means that one can always satisfy the

o0t/2. Measurements indicate thpp scattering at/s =
1800 GeV does not correspond to black disk scattering:
Oela/0tot ~ 0.23—0.25 (see (Engel, 2000) and Refs. therein),
though the black disk limit might have been reached for a
very small region abouB = 0.

Using data on cross sections and th&lope of the elastic
cross sectionlo,,/dt, one can derive a limit on the small-
est transverse momentum cutoff for which Eq. (2) can be
fulfilled in a consistent way. Of course, such a limit will
depend to some extent on the particular details of the con-
sidered model. In Fig. 3 fits of the amplitude (3) to total and
elastic cross section data are shown for different assumptions
on the profile functionAy..q(B). For simplicity we use a
gaussian profile and vary the paramefgr

1 B2

=i
The soft cross section is parametrizedrag, = oos>. Al-
though the cross section fits are shown only for the eikonal
model, the results qualitatively do not change if one consid-
ers a two-channel eikonal model as implemented in DPMJET
and SIBYLL 2.1 or the quasi-eikonal model which is the ba-
sis of QGSJET.

Assuming that the partons involved in jet production are
uniformly distributed in transverse space all over the proton,
we findpSiteff = 3.5 GeV as a lower limit for the transverse
momentum cutoff. The situation changes drastically if we
take the possibility of parton clustering into account which
might lead to a smalleR, parameter. For example, f& =
1.5 GeV—2 we getp<toff = 2.5 GeV as limit.

Indeed there are experimental indications that partons are
distributed in clusters inside the proton. The CDF Collab.
measured the ratio of 4-jet events to 2-jet events for a jet
transverse energy cutoff of 5 GeV (Al al, 1997). To
interpret the CDF data it is convenient to express this ratio
in terms of the effective cross section (Calucci & Treleani,
1999)

A(B (10)

1 o 2 2
Ooff = — [JQJ t} — <’flh> . (11)
2 O 4jet (nh(nh — 1)>
Within the eikonal model this can be simplified to
1 aussian
BN 8w R2, (12)

f d’B [Ahard (B)]2

where the RHS is valid only for a gaussian distribution. The
CDF result ofr.g = 14.5+1.7% 7 mb corresponds t&2 =
1.5 Gev—2.
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Fig. 4. Charged particle multiplicity distribution as measured by

E735 (Alexopoloust al,, 1998). The data are compared to eikonal

model predictions for two different minijet cross sections and den-
sity profiles.

The clustering of partons will naturally lead to large event-
by-event fluctuations in the minijet multiplicity. The more
the partons are grouped in clusters the wider will be the dis
tribution of the number of minijets per hadron-hadron colli-

jet model”, in its original formulation (Gaisser & Halzen,
1985), is ruled out. It seems to be impossible to construct
a model on the basis of an energy-indepengentutoff and
without substantial lowe parton shadowing corrections, in
which the rise of the total cross section is entirely due to the
increase of the minijet contribution.

A precursor to a reliable extrapolation to ultra-high energy
is the understanding of the Tevatron data using modern par-
ton densities. Models such as SIBYLL 1.7 and QGSJET de-
scribepp collider data rather well although it is now clear
that they do not implement the correct lawextrapolation
of parton densities. Developing a modern model with up-to-
date parton densities cannot be done without changing the
structure of these models. It will only be possible if fea-
tures of lows shadowing or saturation are taken into ac-
count. First attempts in this direction are the introduction
of an energy-dependent transverse momentum cutoff (DPM-
JET (Boppet al, 1994), SIBYLL 2.1 (Engeét al,, 1999a)).
However, the energy-dependent transverse momentum does
not account for the different possible shadowing or satura-
tion scenarios in nuclei since it is by construction the same
in hadron-hadron, hadron-nucleus and nucleus-nucleus colli-
sions.
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sion. Such fluctuations can be investigated by studying theyany fruitful discussions.

charged particle multiplicity distribution. In Fig. 4 we show
E735 multiplicity data (Alexopoloust al., 1998) forpp col-

lisions at Tevatron. The data are compared to simulationdkeferences

done with a modified version of SIBYLL, using the ampli-

tude (3). It is obvious from this comparison that the multi-
plicity distribution is another very important constraint com-
plementary to both fully inclusive distributions and total and
elastic cross sections. The peak at low multiplicities is due t
peripheral collisions with mainly soft interactions. The high-
multiplicity tail is entirely determined by the hard part of the
eikonal function. The different slopes of the distributions at
low and high multiplicities reflect the different density pro-

files used for soft and hard interactions. In addition Fig. 4
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