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We calculate the lowest-order QCD jet cross section for a variety of different sets of structure
functions, QCD scales, and parton minimum transverse momentum pP'". We compare our theoreti-
cal results with the experimental data for the jet differential and total cross sections including the
minijet regime in order to study the correlations between the various parameters. We find that for a
constant K factor the choice of scale Q =pr provides the best representation of the experimental
data. With a K factor of order 2, a theoretical cutoff ofpT'"-3 GeV seems to describe the observed
total minijet cross section with EP' (Er'")) 5 GeV. We extrapolate our results to yield predictions
for the expected minijet cross section at the Fermilab Tevatron Collider which should have some
resolving power to distinguish the different sets of structure functions and choices of scale.

I. INTRODUCTION

Recent UA1 results on jet cross sections at the CERN
pp Collider energies (200(&s (900 GeV) (Ref. 1) have
raised the question of the applicability of perturbative
QCD to low-pT jet physics, the so-called minijet regime.
The answer to this question is not immediately obvious.
Higher-order perturbative contributions might be very
important in this regime. The contribution to the ap-
parent jet energy from the uncorrelated underlying event
is also likely to be especially important for such events.
Still the analysis of these experimental results is of con-
siderable interest. This importance has been recognized
by many theorists and some insight has already been ob-
tained. Minijets studies should also be possible at the
Fermilab Tevatron (&s =1800 GeV). The results from
higher energy should provide a valuable testing ground
for QCD calculation as presently conducted in the
leading-logarithm approximation, as well as for detailed
studies of higher-order effects. Clearly the measurement
of low-pT jets provides new information about the gluon
structure of the proton. The energy and luminosity of
the CERN pp Collider are such that the accessible minijet

pT range corresponds to a region where gluon jets are ex-
pected to dominate (xT (0.01). Any experimental infor-
mation on comparably low-pT physics at Tevatron Col-
lider energies will therefore have a direct impact on our
knowledge of the still elusive role of the gluon. Predic-
tions about minijets production should also be important
for the design of future large detectors.

In the analysis discussed here we attempt to broaden
the study of minijets by calculating the jet cross section
for a range of different QCD scales, structure functions,
and values of pr'". We are particularly interested in the
contribution to the cross section which arises from gluons
relative to the one from quarks. The fact that the contri-

bution to the cross section and therefore to multiplicities
from the quarks is decreasing with energy has been used
to predict interesting behavior of the multiplicity mo-
ments and the shape of the Koba-Nielsen-Olesen (KNO)
scaling function nP„(Ref. 3). The analysis of the gluon
contribution to the jet cross section for large-pT jets
(EjT")50 GeV) shows that it is increasing from -30%%uo to
-60%%uo in the Collider energy range. Here we focus on
low-pT minijets (Elr"-few GeV) and we want to find the
energy at which the quark contribution to this minijet
cross section becomes negligible. To treat these issues we
must first address the uncertainties inherent in the vari-
ous possible choices of structure functions, in the corre-
lated choices of K factor and scale Q and in the choice
of the value of the theoretical parameter pT'". These un-
certainties arise for a variety of reasons.

The fact that the structure functions defined by
different authors are different is a measure of both the
disagreements and the gaps within the available pool of
(largely deep-inelastic) data on which the detailed struc-
ture function fits are based. For the present we must sim-
ply accept and include thi. s uncertainty in our analysis.

The assumed freedom to choose both the scale Q,
which is used to define cz, (Q ) and the structure func-
tions, and the value of the overall multiplicative K factor
is intended to represent the theoretical uncertainty due to
the incompleteness of the lowest-order perturbative
analysis. Since higher-order perturbative contributions
can change both the normalization and the shape of the
jet differential cross section, we include both an adjust-
able factor K and a kinematics dependent variation in the
scale Q . Different choices for Q [for example,
Q =(EiT") versus Q =s, the parton c.m. total energy]
will change both the magnitude and the shape of the
differential jet cross section. It should be noted, however,
that the use of these parameters is only an approximation
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to the uncertainty due to the missing higher-order contri-
butions. Actually the required matrix elements are
known and the next-order contributions to the jet cross
section will soon be understood, eliminating at least a
fraction of the uncertainty. Still, for the present phenom-
enological analysis, in the absence of more complete
knowledge of the higher-order contributions, we will in-
clude both parameters. The information obtained from
the analysis concerning the values of It. and Q preferred
by the data yields useful input to the question of the im-
portance of the higher-order corrections at Collider ener-
gies.

The qualitative relationship between the theoretical pa-
rameter PT'" (PP"'")PT'") and experimental value for
E)r'™n(or ET'"' '"), which define the theoretical and ex-
perimental total minijet cross sections, respectively, can
be understood by considering the definition of the stan-
dard UA1 jet-finding algorithm. This algorithm depends
on two parameters: (1) an initiator threshold of 1.5
GeV and (2) distance in the pseudorapidity-azimuth
plane measured relative to the initiator cell AR
="t/it. ri +b,p . The jet algorithm associates cells inside
the cone AR & 1 with the initiator and the total jet trans-
verse energy becomes E)t'=+ET'"' (over cells within the
cone). Such a definition clearly allows the inclusion in
the E)r" of contributions arising both from a "true" par-
ton hard-scattering process (followed by fragmentation)
and from the underlying soft (and presumably uncorrelat-
ed) interactions of the "spectator" partons. Recall that
in their minimum-basis event sample UA1 (Ref. 1) ob-
serves approximately 1.5/m. GeV per unit area in the
pseudorapidity-azimuth plane. Thus, in the absence of
any correlations, a jet defined by a cone of area

do)et

dy i dp T

27Tp T

partons

&( J dy~ g [G,(x„Q )Gi(xb, Q )o,i(s, t, u)1.

and

(la)

ominijet(pr )PT

=
—,
' J dx, dx„d cos8

partons
X g [G;(x„Q )GJ(xb, Q ) o(s, t, u)] .

(lb)

m(hR ) =it will receive a contribution to EIr" of order 1.5
GeV from the underlying event. There will also be siz-
able event-to-event fluctuations enhanced by trigger bias
eFects. Therefore we can expect that the theoretical
value for pT'" should be lower by 1 —2 GeV than the ex-
perimental value for EIt'. Note also that, since the ener-

gy per unit area in the pseudorapidity-azimuth plane in
minimum-bias events is observed to increase slowly with
the total energy, the corresponding contribution to EP
from (uncorrelated) soft physics should also increase with
&s. For the sake of simplicity we will treat PP'" as an
energy-independent parameter. However, it is reasonable
to expect that, for a fixed experimental E)r" threshold,
PT'" should actually decrease slowly as &s increases.

Our calculations are based on the lowest-order pertur-
bative QCD expressions for the dift'erential and total jet
cross sections:

yj y2
s =x xbs =4p Tcosh

y2=tanh
2

cosO= 1—
s

Here y, and y2 refer to the rapidities of the scattered partons and the symbols with carets refer to the parton-parton
c.m. system. The summation is over all fiavors i and j and the factor —, in front of the integral in Eq. (lb) is due to the
fact that there are assumed to be 2 jets in the final state (in general this factor should account for the actual average
multiplicity of jets per event). The relations between the variables t, u, s, PT, y„y2, and cos8, x„xb are given by

1 /2
4PT

S +(yl +y2 )x'= —e6 s

1/2

t = ——(1—cosO), u = ——(1+cos8) .
2

'
2

(2)

For the total cross section the range for cos8 is between —+1—4(PT'") /s and ++1—4(PT'") /s for a given s (i.e.,
given x, and x&). In Eq. (1) the G(x, Q )'s are parton distribution functions and the &; are parton cross sections. In
particular the required 0', are given by

4g ~ 2+ 2 4g
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The strong coupling constant a, (Q ) is given by

( q)
12m.

(33—2&f)ln(Q /A )
(4)

where Nf is the number of quark flavors, Q is the scale of
the interaction, and A is the QCD scale parameter.

The outline of the remainder of the paper is the follow-
ing. Using Eqs. (1)—(4) we calculate differential and total
cross sections for jet production in the Collider energy
range (200 GeV +s ~ 900 GeV) and at the Teva-
tron energy (&s =1800 GeV) for a variety of parameter
choices. The various structure-function choices con-
sidered are introduced in Sec. II. For each of these
choices a value for the corresponding E factor and scale
Q is determined in Sec. II A by considering large-pT jet
data (where the perturbative analysis is presumably most
reliable). In Sec. IIB a value of pT'" is determined for
each structure-function choice by considering the minijet
cross-section data (with the E and Q values of Sec. II A).
In this way we attempt to systematically include the
effects of the theoretical uncertainties and allow the best
description of the existing data for each structure func-
tion choice. With the parameters fixed we consider the
energy dependence of the minijet cross section and of the
various parton subprocesses in Sec. III. Finally, in Sec.
IV we summarize our results and conclusions.

F(x)=G (x)+—9[G~(x)+G (x)]

6.2
e (5)

However, the cross section calculated using this structure
function with scale Q =xtx2s for a, but with no evolu-
tion of the structure function and with pT'"=3 GeV; 4
GeV; 5 GeV is too small. For pT'"=2. 3 GeV it can de-
scribe the low-energy data 200 GeV &s ~ 400 GeV, but
is simply too small for &s )400 GeV. This leads us to
the conclusion that we need evolved structure functions
appropriate for even very-small-x values in order to study
the minijet cross section over the full range of Collider
energies. Thus we consider seven different evolved struc-
ture functions.

(1) Duke and Owens set 1 (Ref. 10) with a "soft-gluon"
distribution and A =200 MeV.

(2) Duke and Owens set 2 (Ref. 10) with a "hard-
gluon" distribution and A =400 MeV.

(3) Eichten-Hinchliffe-Lane-Quigg (EHLQ) set 1 (Ref.
11) with A=200 MeV.

II. CHOICES OF STRUCTURE FUNCTIONS,
K, SCALE, AND pT'"

First we consider the effect of different structure func-
tions (but the same scale, K factor, and pT'"). The sim-
plest choice is the UA1 parametrization of the structure
functions summed over parton type and measured in
large-pT jet events characterized by Q -2000 GeV and
0. 1~x ~0.8. It is given by

(4) Gliick, Hoffmann, and Reya' with A =400 MeV.
(5) Martin, Roberts, and Stirling set 1 (Ref. 13) with a

"soft-gluon" distribution and A = 107 MeV.
(6) Martin, Roberts, and Stirling set 2 (Ref. 13) with a

"hard-gluon" distribution and A=250 MeV.
(7) Martin, Roberts, and Stirling set 3 (Ref. 13) with a

gluon distribution which at low x behaves as xG (x, Qo )—1/&x as suggested by certain theoretical considera-
tions' and with A=178 MeV.

The A parameter in the structure functions is the same
as in the running coupling a, given by Eq. (4).

A. Large-pT jets
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32 (Ws = 546
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73 (vs = 630

GeV, 630 GeV)
GeV)
GeV)
GeV)
GeV)
GeV)
GeV)
GeV)
GeV)

UAI DATA (vs = 546 GeY)

UAI DATA (Ws = 630 GeV)

b z$a
1.4—

1,2—

b

1.0-

0.8—

04—
I I I I I I I I I

31 33 35 37 39 4i 43 45 47 49 51 53
p, (Gev)

FIG. 1. Comparison between experimental data (Ref. 15)
and the theoretical predictions for the pT distribution (do. /
dy dpT~» 0 versus pr) at energies V's =546 GeV and 630 GeV
scaled by the 33 results with K =1.5. The labeling scheme is
explained in the text.

We consider now the question of the correlation be-
tween the value of the JC factor and the choice of struc-
ture function and scale Q . To treat this issue we com-
pare the theoretical predictions for the inclusive jet pT
distribution, d o. /dpi'. dy~ o versus pT with the experi-
mental data using the seven different structure functions
and three choices of scale. We first focus on the high-
statistics experimental data' for large-pT values (where
perturbation theory is presumably most reliable) at
&s =546 and 630 GeV as indicated in Fig. 1. In order to
simplify the plots we exhibit only the cases which exhibit
the largest difFerences. Further we normalize all of the
results to (i.e., divide all results by) the numbers obtained
using structure function set 3 (Ref. 11), scale Q =pT and
K =1.5. This choice gives an acceptable overall descrip-
tion of the data. We also compare our calculations to the
smaller-pT data from the ramping runs at &s =200, 500,
and 900 GeV as plotted in Figs. 2, 3, and 4. The labeling
scheme in these and the subsequent figures employs a
two-integer label for each result. The first of the two in-
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FIG. 2. Comparison between (a characteristic subset of) the
experimental data (Ref. 1) and the theoretical predictions for
the pr distribution (do /dy dpr ~» =0 versus pr ) at energy
&s =200 GeV scaled by the 33 results with K =1.5. The label-
ing scheme is explained in the text.

tegers corresponds to the number of the structure func-
tion in the list given above while the second corresponds
to the choice of scale, 1 for Q =s, 2 for Q = t, and 3—
for Q =pT. Since we have scaled all results to the 33 re-
sults (with K = l. 5), this choice appears as the horizontal
line at 1. Note that the pT values for the data in these
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FIG. 3. Comparison between (a characteristic subset of) the
experimental data (Ref. 1) and the theoretical predictions for
the pr distribution (d r/dysdpr ~» =0 versus pr) at energy
&s =500 GeV scaled by the 33 results with E = 1.5. The label-
ing scheme is explained in the text.

FIG. 4. Comparison between (a characteristic subset of) the
experimental data (Ref. 1) and the theoretical predictions for
the pr distribution (ds»/dy dpr ~» 0 versus pr) at energy
&s =900 GeV scaled by the 33 results with K = 1.5. The label-
ing scheme is explained in the text.

figures have been corrected by UA1 so that they are
meant to be compared to the "true" underlying jet pT.
This correction is most reliable at the largest pT where
the theoretical predictions are likewise most reliable.
The bin-to-bin Auctuations in the theoretical histograms
serves to illustrate the approximately +10% numerical
uncertainty in our differential cross-section evaluation.
For the present considerations this level of uncertainty is
quite adequate.

The K factors for the various sets of functions can be
read off from Fig. 1 by determining what constant factor
will bring the results for that set into agreement with set
33 and the data and then multiplying by 1.5 (the K factor
for 33). From the limiting cases of 31 and 43 we see that
K factor is restricted by the large-pT data (for v s =546
GeV and 630 GeV) to be in the range from 1.1
(=1.5X1/1.4) to 2.5 (=1.5X1/0. 6) with a precision
for any specific choice of order 10%. We note that the
large-pT tail of the pT distribution at &s =900 GeV is
not well described by any structure function (and presum-
ably for any choice of scale Q ). This could be a result of
experimental inconsistency since data published previous-
ly' do not seem to exhibit this problem. Ignoring this
difficulty, it is clear that a value for K can be chosen for
each of the sets of structure functions in order to yield
reasonable agreement with the large-pT data. We should
note, however, that structure function set 7 with scale
Q =pT does not yield a good description of the pT distri-
bution at low pT at any energy. Since the contribution
from the lowest bin gives the most important contribu-
tion to the integrated cross section, we can anticipate
that set 7 will not yield a good description of the total
minijet cross section.

By comparing the results for 31, 32, and 33 in Fig. 1 we
see that the bulk of the differences at large pT between
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TABLE I. Displayed are the relative contributions from the difFerent QCD subprocesses to the mini-
jet cross section at energies &s =200 GeV, 500 GeV, 900 GeV, and 1800 GeV obtained with diferent
choices of structure functions, scale, K factor, and pT'". In particular, for set 31 E =2.4 and pT'" =3.4
GeV, for set 32 K=1.85 and pT'"=3.3 GeV, for set 33 K=1.5 and pT'"=3.2 GeV, for set 43 X=1.1
and pT'" =2.9 GeV and for set 73 %=2.1 and pT'" =3.5 GeV. The contributions from the subprocesses
qq~gg and gg —+qq are very small (about 0.1% and 1%—2%, respectively) and therefore these two
subprocesses are not included in this table. Also shown are the UA1 (Ref. 1) minijet cross section
values.

Set qq (qq) —+qq (qq) gg ~gg ~minijet

33
43
73

4%
7%
7%

&s =200 GeV (o.";„,',„=4+1 mb)
35%
39%
42%

58%
52%
49%

3.01+0.01
4.28+0.02
2.27+0.01

33
43
73

3%
6%
5%

&s =500 GeV (o;„„=10+2mb)
31%
37%%uo

37%%uo

64%
56%
57%

9.36+0.05
11.02+0.07
9.47+0.05

33
43
73

3%
5%
3%%uo

(O minijet +3
29%
35%%uo

34%%uo

67%
58%
61%

17.3+0. 1

17.9%0. 1

21.7+0. 1

33
43
73
32
31

2%
4%
2%
2%
2%

&s =1800 GeV
26%
34%
31%
27%
26%

70%
60%
64%
69%
70%

32.4+0.2
29.2+0.2
54.0+0.3
36.7+0.2
43.5+0.2

difference in energy dependence. The former increases
with energy considerably more slowly than the 33 results
and slightly more slowly than the data while the latter in-
crease with energy much faster than the data. Even
though set 4 can still describe the data, set 7 (with its
more singular small-x behavior) is almost ruled out by the
UA1 data. Experimental results at &s = 1800 GeV
should make this case clear. As mentioned earlier, one
expects that the parameter pT'" should actually be chosen
to decrease slowly with increasing v's to represent the in-
creasing contribution to the jet from the underlying
event. This will tend to magnify the differences between
the various structure functions. A complete analysis of
the energy dependence of the minijet cross section will re-
quire data on the energy dependence of the uncorrelated
soft physics in order to accurately account for this effect.

As noted earlier, we are also interested in the question
of the relative contributions of initial quarks and gluons
in the minijet regime and to what extent the answer is
structure-function dependent. In Table I we show that
the percentage of the quark contribution relative to the
gluon contribution to the cross section is decreasing with
energy as expected and is negligible at the Tevatron ener-
gies for pT'"-3 GeV. This general conclusion is in-
dependent of the details of the specific structure functions
used. However, if we look at the energy dependence in
detail as in Fig. 7, where we plot the energy dependence
of the relative contribution of qq~qq, qg~qg, and

gg ~gg, we see that there are significant differences be-
tween these contributions obtained using structure func-
tion set 7 and set 4. If we wish to calculate multiplicity
energy dependences in detail, this uncertainty must be
kept in mind.

8/0/
/0 I I I I I I I I

qq ~q
(yo)

(inc ludin9 qq-qq)

Qq-Qq
(L)

7% (
33 pT

'" = 3. 2GeV
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—73 PI
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4%
)4

99-QQ
(L)

80%

70e/

60%
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—40%

30! —30%

2%— --20% —20%

1% I I i I I I I I
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~s (GeVj

10%

FIG. 7. Theoretical predictions for the energy dependence of
the relative contribution of the following parton subprocesses:
qq (qq) —+qq (qq), qg~qg, and gg —+gg obtained using struc-
ture functions given by set 3, set 4, and set 7 and appropriate
values of Rand pP'" with Q =pz.
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IV. CONCLUSIONS

To summarize our analysis, we emphasize again the
importance of analyzing the minijet cross section at Col-
lider energies in the context of perturbative QCD. Such
studies can provide valuable tests of the applicability of
perturbative QCD to low-pT physics. Finding the scale
and the value of the K factor favored by the experimental
data can also give useful input to the question of the im-
portance of the higher-order corrections at these ener-
gies. We have indicated that to be able to describe the
data we need evolved structure functions. Second, the
scale Q =pT seems to be favored by the minijet data
rather than the choices Q =s or Q = t. Thi—s con-
clusion is in agreement with previous analyses of other
data. If we accept that the UA1 Eit' cut of 5 GeV really
corresponds to a parton cut which is smaller by 1 GeV to
2 GeV (Ref. 16), then our choice of pT'"-3 GeV, to ex-
plain the size of the minijet cross section, is reasonable.
However, higher-order corrections are still required to
explain K ) 1. On the other hand these values of K, re-
quired by the minijet data, are consistent with those ob-
tained from consideration of the pz distribution at large
pT. In this truly perturbative regime the data suggest
that E has to be in the range 1.1 ~E ~2. 5 with the un-
certainty correlated with differences between the various
sets of structure functions. For the issue of structure-
function choice, the energy dependence of the minijet
cross section seems to be the important quantity. Data

from the Tevatron could rule out two of the possible
choices. Finally we noted that the minijet signal at the
Tevatron will be dominated by initial-state gluons which
could be important for multiplicity calculations. We ex-
pect that the minijet cross section at Tevatron energies
should be 0. ;„;;„=33+4mb keeping in mind that this
value is obtained by extrapolating our results from Col-
lider energies and that the calculation does not include
higher-order corrections. A better analysis of the minijet
cross section will require a more precise calculation of
the jet cross section and a better understanding of the re-
lationship between the ET measured and the theoretical
cut pz'". This would give us a better understanding of
the very interesting question of the applicability of per-
turbative QCD to low-pT physics.
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