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Minijets, QCD, and Unitarity
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We introduce the minijet cross section, computed from QCD, together with a standard soft com-
ponent, into a unitarization scheme (eikonal model) and show that most of the increase of the inelastic
cross section between CERN ISR and SPS collider energies is due to the soft component. We also show
that the main properties of minijet production, observed by the UAl collaboration, can be understood by
the introduction of semihard scattering in the dual parton model.
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The study of semihard events (minijets) in high-en-
ergy hadronic interactions is a fascinating subject that
has recently received considerable attention both experi-
mentally' and theoretically. The interesting minijet
analysis performed by the UA1 collaboration, when re-
peated at higher energies, will oAer the opportunity to
test QCD in the x 0 limit. At present energies, it is al-
ready quite interesting to compare the measured minijet
cross section with standard perturbative QCD calcula-
tions. Moreover, the UA1 results raise a lot of challeng-
ing questions: Can the semihard-scattering contribution
account for the increase with energy of the total cross
section? Why is the average multiplicity of the minijet
events twice as large as the no-jet one? What is the
eAect of minijet events in the multiplicity distributions?
Why is the correlation between (pr) and multiplicity so
diNerent in the minijet and no-jet event samples?

Minijet cross sections and QCD. —The dominant part
of the minijet cross section is expected to come from
semihard processes, where transverse momenta are rela-
tively large (say pT ) 2 GeV) and interactions of partons
carrying very small longitudinal momentum fractions
(x ( 10 ') are involved. In these regions, gluons are
expected to play the predominant role and the corre-
sponding integrated inclusive gluon jet cross section (Xjet

can be computed by conventional QCD-improved
parton-model formulas. The cross section is already in
the millibarn range at CERN SPS collider energies
and reaches a value close to 200 mb at Superconducting
Super Collider energies. This strong increase of o;,t is
linked with the increase of the gluon distribution func-
tion (multiplied by x) at x 0, which is a straightfor-
ward consequence of perturbative QCD. However, it
should be noticed that o.„„is an inclusive cross section
which measures (by definition) the average number of
sernihard interactions multiplied by the inelastic cross
section. Therefore, it cannot be identified with the in-

elastic cross section of minijet events (which will be
denoted by crH), unless only one semihard interaction
can take place. This is not the case at small x. Indeed,
in this case, one has to treat on the same footing the
powers of In(1/x) and the power of In(pT) appearing in

the evolution equations defining gluon distributions. By
our doing so, the transverse momenta are no longer
strongly ordered and thereby the possibility of several
semihard interactions is introduced.

An approximate way of taking into account the above
effect was presented in Ref. 3, using the partonic picture
of the ladder diagrams. The resulting values of o.H, cor-
responding to (pT) '" =5 GeV, can be parametrized as
follows:

crH =0.10(s —2450)

where AH is in millibarns and s in square gigaelectron-
volts. This parametrization is very good up to Js =2
TeV. (In the numerical calculations it will only be used
in this energy range. ) At Js =40 TeV the computed
value is o.H =122 mb, substantially smaller than the
value cr,,t obtained in the leading-In(pT) calculation. At
SPS collider energies, the value of oH given by Eq. (1)
coincides (within 20%) with the corresponding value of
cr„„obtained in the leading-ln(pT) calculation.

Let us now compare Eq. (1) with the minijet cross sec-
tion measured by the UA1 collaboration. Here ET '" ~ 5

GeV, ' and the corresponding pT'" estimated by the UA1
collaboration is pT'"=3 GeV (4 GeV) at 900 GeV (200
GeV). With these values of the pT cut one gets' aH
—1.3 mb at 200 GeV and oH =6 mb at 900 GeV to be
compared with the experimental values of 4 and 18 mb,
respectively. We conclude that the QCD calculation
reproduces quite well the s dependence of the UA1 data
but is too small in absolute value by a factor of 3." This
difference is not significant since there is an uncertainty
of a factor of 2 in the UA1 data due to systematics. '
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triple-Pomeron term ~Tp to take into account diffractive
events. The t dependence of the corresponding ampli-
tudes will be assumed to be exponential, with slopes b~,
bH, and bTp, respectively. The expression for ot, t can
then be obtained in a straightforward way. We get'

(2)
I+m+n ~ 1

Minijet cross section and unitarity. —The expression
for oH in Eq. (1) violates unitarity at very high energies,
and therefore has to be incorporated into a unitarization
scheme. In order to perform the calculations, we pro-
ceed in the framework of the eikonal model with three
driving terms: a term cr~ representing the contribution
of the nondilTractive soft events (bare soft Pomeron), the
semihard contribution crH (bare hard Pomeron), and a

where

8z ~s
I!m!n! 8 ebs

'm' 'n'
~H + ~Tp

8~bTp

l m n

bs bH bTp

in
I+m+n ~ 1

2(™+n
I,m, n,

C 2'+ +" 'I
n (,m, n~ (4)

(~0,m~0, n~ 1

C„=2(-,' )"—2.

The corresponding expressions for the inelastic and
difTractive cross sections can be obtained from Eq. (2) by
Abramowski-Kuncheli-Gribov (AKG) cutting rules. '
One gets

ron. The nonleading diagrams (corresponding to multi-

ple inelastic scattering) contain extra chains involving
sea quarks coming mainly from gluon decay (see Fig. 2).
The crucial point that we want to make here is that,
since the semihard scattering involves a gluon-gluon in-

teraction, the dominant diagrams are here the four
chain diagrams of Fig 2, in w. hich the two gluons in-

Likewise, the cross section for semihard events after ab-
sorption (i.e. , the observable one) is given by' 120

abs~H
I=O, m ~ I,n=0

2 I+m+0 —1I(,m, n.

We use the parametrization a~=as' '; for aH we
take the expression in Eq. (1) (multiplied by a K factor
equal to 1.5 in order to normalize it to the experimental
data); and crTp is obtained' by integration of the triple-
Pomeron formula. For the slopes we take b~ =b+a'lns,
bH =b, ' and bTp =by. '

A reasonable fit to the experimental data on ot t G;„,
and oD from middle ISR to top collider energies is ob-
tained with the following values of the parameters:
a =1076, a' =024 GeV, a = 378 rnb, b =351
GeV, c =40.0 mb. ' The results are shown in Fig. 1

and compared with experimental data. The results ob-
tained by putting oH =0 are also shown. The predictions
up to Js =40 TeV are given. We can see in Fig. 1 that
the cross section of minijet events o.H' is very close to aH
throughout the collider energy range. ' However, the
contribution to ot, t or o;„of all the terms proportional to
the semihard interaction driving term oH turns out to be
much smaller than o H '. As a consequence of this
phenomenon, which is quite common in unitarization
schemes, ' a considerable fraction of the rise with energy
of at, t and o.;„ is due to the soft component.

Minijel production and the dual parton model. —In
the case of soft scattering, the dominant diagram in the
dual parton model' (DPM) (which is the leading order
in the 1/N expansion and corresponds to a single inelas-
tic collision) contains two chains or strings stretched be-
tween valence quarks and diquarks of the colliding had-
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F I G. 1. at, &, o;„nondiA ractive, and minijet cross section a$ '
(absorbed), computed from Eqs. (2)-(5) (full lines), are com-
pared with the experimental data. The dotted line is the input
minijet cross section aH and the dashed line (dash-dotted line)
is the inelastic nondiftractive cross section (total cross section)
obtained with o.~ =0.
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FIG. 2. Dominant four-chain diagrams for minijet produc-
tion via a semihard gluon-gluon scattering. The two gluons are
represented by wavy lines.

vol ved have experienced a semi hard scattering. This
different topology of the dominant diagrams (two chains
for no jet, and four chains for jet events) has the obvious
consequence that the average multiplicity of the jet-event
sample is larger than the no-jet one. This fact has been
so far quite puzzling. Indeed, in view of the small values
of pT'" involved in minijet events, one can hardly expect
any dramatic difTerences in the fragmentation of hard
and soft initiated strings. ' In the numerical calculations
reported below, we have assumed that these difrerences
are negligible, i.e. , we have used the same fragmentation
functions for soft and hard chains. The only dift'erences
in the average multiplicities will then come from the
difterent topologies mentioned above and from the rela-
tive weights o.k of the various multichain diagrams—which are difrerent for the jet and no-jet event sam-
ples. The latter can be obtained by the AKG cutting

rules. All the necessary formulas can be found in Ref.
18. (The introduction of the semihard contribution in

those formulas is straightforward. ) We obtain in the
collider energy range (n)j„—1.6(n)„oje[ to be compared
with the experimental result' (n)j„—2(n)„,j„. This
difrerence might be due to difterent hadronization prop-
erties of the soft and hard chains, as discussed above.
However, we believe that it is mostly due to the experi-
mental cuts.

We have also computed the changes in the multiplicity
distributions due to the introduction of the hard com-
ponent. The difterences with respect to the results ob-
tained in Ref. 18 (without the semihard component) are
very small ' and are hardly noticeable in the figures
presented there. Thus the DPM mechanism of Koba-
Nielsen-Olesen (KNO) scaling violation (which is due to
the growth with energy of the q, -q, chains) is main-
tained in the presence of minijet events. The difterence
between the KNO distributions for the jet and no-jet
samples is largely due to the difterence in average multi-
plicity of the two samples and can be qualitatively repro-
duced in the DPM.

We turn next to the correlation (pT) versus multiplici-
ty. It has been shown that a correlation between
(pT) and multiplicity (which exhibits the saturation
effect observed experimentally') can be obtained in the
DPM by introduction of an intrinsic pT at the end of the
chains. The same approach applies, of course, to the
no-jet and jet samples. In the jet sample the (pT) result-
ing from the diagram of Fig. 2 will, of course, be quite
large since it contains the semihard scattering. However,
when we increase the multiplicity, diagrams with in-
creasing numbers of extra chains will become dominant.
Since these extra chains are soft ones (at collider ener-
gies multiple hard collisions are negligibly small), the
difference between (pT)j r and (pT)„„„will decrease with
increasing multiplicities. This feature is clearly seen in
the UAl data.

To perform the numerical calculations we use the for-
malism developed in Ref. 22; we get

((z/x) 'N' ')
2)nojet (p2) + "

(n 2)( 2)s
charged n

(( / )'N' ')„(p')""=(p') + "Hn —4)(p')'+2(p')"]
charged n

where

(6)

(7)

(pT)„=(1—n ')(pT) .

The left-hand side of (6) and (7) gives the average pT
of the particles produced in a configuration with n

chains, measured in the c.m. of the pp collision, for the
no-jet and jet event samples. (N, h„g,d)„ is the average
charged multiplicity of such a configuration, computed
in the DPM. ' (pT)0 is the average pT of particles pro-
duced in a chain, measured in the c.m. of the chain, and

(pT)~ and (pT2)H are the intrinsic pT of the soft and hard
chains. The quantity ((z/x) N ' ')„was computed in

Ref. 22 in the framework of the DPM. Its value at
Js =540 GeV, in the rapidity window

i J i
& 2.5, is

about 0.2, practically independent of n. Using this value
in (6) and (7), together with (pT) =0.75 GeV and
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FIG. 3. The correlation of (pT) vs N h g d for the jet and
no-jet samples at Js =540 GeV, and in the rapidity win-
dow ily ~

& 2.5, computed in the DPM from Eqs. (6) and (7).

(pT) =1.75 GeV, we get the results shown in Fig. 3.
The correlation (pr) vs N, h, „s,d, for both the jet and no-

jet event samples, reproduces quite well the trend of the
UA1 data. '
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