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The impact of recent precision measurements of DIS structure functions and inclusive jet production at the
Fermilab Tevatron on the global QCD analysis of parton distribution functions is studied in detail. Particular
emphasis is placed on exploring the range of variation of the gluon distributionG(x,Q) allowed by these new
data. The strong coupling ofG(x,Q) with as is fully taken into account. A new generation of CTEQ parton
distributions, CTEQ4, is presented. It consists of the three standard sets@modified minimal subtraction
(MS), deep inelastic scattering~DIS!, and leading order~LO!#, a series that gives a range of parton distribu-
tions with correspondingas’s, and a set with a low starting value ofQ. Previously obtained gluon distributions
that are consistent with the highEt jet cross section are also discussed in the context of this new global
analysis.@S0556-2821~97!05503-3#

PACS number~s!: 13.87.Ce, 12.38.Bx, 14.70.Dj

I. INTRODUCTION

Lepton-lepton, lepton-hadron, and hadron-hadron interac-
tions probe different and complementary aspects of quantum
chromodynamics. Each of these interactions provides a win-
dow into the elementary interactions of quarks and gluons
and probes the running coupling and quark masses. The cor-
responding calculations are performed using perturbative
quantum chromodynamics~PQCD!. In addition, these inter-
actions probe the partonic structure of hadrons, as repre-
sented by the parton distribution and fragmentation functions
@1,2#. These functions are essentially nonperturbative. There
are, of course, large areas of overlap between various pro-
cesses, which provide impressive consistency checks of the
theory. In the first approximation, lepton-lepton processes
provide clean measurements of basic parameters such as
quark charges, the strong couplingas(Q), and fragmentation
functions of partons into hadrons. Deep inelastic scattering
structure functions and lepton-pair production cross sections
in hadron collisions provide the main source of information
on the quark distributionsf q(x,Q) inside hadrons. At lead-
ing order, the gluon distribution functionG(x,Q) enters di-
rectly in hadron-hadron scattering processes with direct pho-
ton and jet final states. In a global QCD analysis
incorporating all these processes, one tries to exploit the
strengths of each process in a uniform framework. Modern
analyses are carried out to at least next-to-leading order
~NLO!, thus $as(Q), f

q(x,Q), G(x,Q)% all contribute and
mix in the theoretical formulas for each process. However,
the broad picture outlined above does reflect the main roles
the various processes play in the analysis.

Direct photon production has long been regarded as po-
tentially the most useful source of information onG(x,Q).
Fixed-target direct photon data, especially those from WA70
@3#, have been widely used in existing global analyses. How-

ever, there are a number of theoretical uncertainties which
affect the predictions of the normalization and slope of the
measured direct photonpt spectrum. These effects include
~1! the sensitivity of the theoretical calculations to the choice
of factorization and renormalization scales@4#; ~2! kt broad-
ening of the initial state partons due to soft gluon radiation
@4#; and ~3! photon fragmentation uncertainties@4# and the
related issue of photon isolation cuts@5#. When all these
uncertainties are taken into account, existing direct photon
data do not place as tight constraints on the gluon distribu-
tion as is commonly believed@6#. Full exploitation of the
potential of this process in a QCD global analysis will re-
quire significant progress in the understanding of the above
issues.

An important process that is sensitive to gluons is jet pro-
duction in hadron-hadron collisions. In leading order, the
cross section is proportional toas

2(Q)G(x,Q)G(x8,Q) and
as
2(Q)G(x,Q)q(x8,Q) for the gluon-gluon and gluon-quark

scattering subprocesses, respectively. Experimental measure-
ment of various inclusive jet cross sections has progressed to
an increasingly quantitative level in recent years. For in-
stance, at the Fermilab Tevatron, good data on single jet
production are now available over a wide range of transverse
energy, 15 GeV,Et,450 GeV @7,8#. NLO QCD calcula-
tions of jet cross sections have also reached a mature stage
@9–11#. Many issues relating to jet definition~which is im-
portant for comparing theory with experiment! encountered
in earlier stages of jet analysis have been extensively studied
and are better understood. For the moderate to largeEt
range, the scale dependence of the NLO inclusive jet cross
section turns out to be relatively small@12#. Thus, it is natu-
ral that inclusive jet data should now be incorporated into a
global QCD analysis, and that these data should play a role
in constraining the gluon distributionG(x,Q).

We have carried out a systematic study of this problem
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for the first time, using the CTEQ global analysis framework
@13#.1 In this paper, we shall focus on the question: How well
can the gluon distribution be determined as the result of re-
cent advances in experimental measurements? We discuss
phenomenological issues pertinent to extractingG(x,Q) in
the global analyses. These factors are systematically taken
into account in a series of analyses to gain insight on the
current range of uncertainties onG(x,Q). We found that
recent, more precise, DIS data have a significant influence in
narrowing down the parton distribution functions~PDFs!, in-
cludingG(x,Q), and the inclusion of inclusive jet data from
hadron colliders further solidifies knowledge ofG(x,Q) over
a wide range ofx. As the result of this study, we present new
sets of CTEQ parton distributions@in the modified minimal
subtraction (MS), deep inelastic scattering~DIS!, and lead-
ing order~LO! schemes# as well as a series of distributions
which give a range of variation of PDFs consistent with cur-
rent data. We give quantitative information on how these
distributions compare to the data sets used in the analysis. In
addition, we provide a new set of PDFs with a low initial
Q0
250.5 GeV2; and we discuss the previously obtained

gluon distributions designed to accommodate the highEt jets
@6# in the context of the CTEQ4 analysis.

II. ISSUES ON THE DETERMINATION
OF THE GLUON DISTRIBUTION

In PQCD, the gluon distribution function is always ac-
companied by a factor of the strong coupling@i.e., it appears
as asG(x,Q)#, both in the hard cross sections and in the
evolution equation for the parton distributions. Thus, the de-
termination of as and G(x,Q) is in general a strongly
coupled problem. In principle,as can be independently ex-
tracted frome1e2 collisions, or in sum rule measurements
in deep inelastic scattering.G(x,Q) can then be determined
in a global analysis, along with the quark distributions
f i(x,Q), by treatingas as known. Alternatively, one can try
to determineas , G(x,Q) and the quark distributions at once
in a global analysis. This relies on the full (x,Q) dependence
of the wide range of data to differentiateas ~which controls
the overallQ-dependence of all quantities! from the parton
distributions~which depend on bothx andQ). This method
is not as ‘‘clean’’ as the first approach, and it will not be-
come precise until the global analysis system has become
better constrained. Eventually, however, it is important to
demonstrate that the same value ofas consistently describes
all the processes included in the global analysis. Hence, the
two approaches are indeed complementary.

It is well known that, at present, the value ofas deter-
mined at high energy colliders, especially the CERNe1e2

collider LEP, is generally higher than that obtained from
analyses of fixed-target DIS data@14#. Since global QCD
analyses have been dominated up until now by the copious
high statistics DIS data, they favor values ofas close to the
lower ‘‘DIS value.’’ This situation may change when more

and more quantitative results from hadron collider processes,
such as inclusive jet and direct photon production, are in-
cluded in the global analysis. In the following, we shall ex-
plore the range of variation ofG(x,Q) when the value of
as is varied within the currently accepted region, which we
shall take to be 0.105,as(MZ),0.122@15#. The problem of
the determination ofas in global analysis and the question
about consistency ofas among different processes will be
considered in a subsequent study@16#.

For a quantitative study ofG(x,Q), another relevant con-
sideration is how the choice of parametrization of the initial
gluon distribution at someQ5Q0 affects the results. All
global analyses use a generic form

G~x,Q0!5A0x
A1~12x!A2P~x;A3 , . . . !, ~1!

with A1,2 being physically associated with small-x Regge
behavior and large-x valence counting rules, respectively,
andP(x;A3 , . . . ) being a suitably chosen smooth function
depending on one or more parameters. In general, both the
number of free parameters and the functional form can have
an influence on the global fit. In the CTEQ3 analysis@13#, an
effort was made to minimize the number of free parameters,
resulting in an economical set wherebyA1

G5A1
sea, and

PCTEQ3(x;A3)511A3x. We shall refer to this choice as the
minimal setin the following discussions. In the literature,
more degrees of freedom have been assigned toG(x,Q0).
For instance, in CTEQ2@13# and in recent MRS fits@17#,
A1
G is allowed to vary independently ofA1

sea, and the func-
tion P contains one more free parameter thanPCTEQ3:
PCTEQ2(x;A3 ,A4)511A3x

A4;PMRS(x;A3 ,A4) 51 1A3Ax
1A4x. Since two extra degrees of freedom are added, we
shall refer to this class of parametrization as (m12) — i.e.,
minimal plus two. The more general parametrization clearly
allows a wider range of variation ofG(x,Q0). Some perti-
nent questions are whether these general parametrizations are
required by current data, and if these parametrizations give a
good indication of the range of variation ofG(x,Q0). We
shall investigate these questions in some detail in the next
two sections.

Finally, although the PDFs determined from global analy-
sis should, in principle, be universal, they could, in practice,
depend on the choice of data sets, in particular, on the choice
of ‘‘Qcut’’ values that specify the minimum hard physical
scale (Q,Pt , . . . ) required for data points in the various
physical processes to be included in the fit. If the NLO QCD
theory is truly applicable in the kinematic range of the data,
the parton distributions should be insensitive to the value of
Qcut. Since current theory does not predict what valueQcut
should take for each process, this point has to be investigated
phenomenologically.

III. IMPACT OF RECENT DIS DATA ON GLOBAL
ANALYSIS OF PARTON DISTRIBUTIONS

Since the publication of the CTEQ3 analysis, more accu-
rate and extensive DIS data from the New Muon Collabora-
tion ~NMC! @18# and DESYep collider HERA @19,20#, as
well as new data from E665@21#, have become available. In
comparing the new data with NLO QCDF2 computed from
CTEQ3M distributions, we find general agreement, except

1A similar analysis was carried out earlier@6#, focusing on the
interpretation of the ‘‘highpt excess’’ seen in the Collider Detector
at Fermilab~CDF! jet measurement@7#. See Sec. VI for a discus-
sion of the relation of@6# to the current analysis.
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for the small-x region where the more precise recent data
show deviations from the theory curves. This is shown in
Fig. 1 for the NMC and H1 data sets, respectively.2 Thus, we
first update the CTEQ3 analysis under several different con-
ditions, in order to study the impact of these new DIS data on
the global analysis of parton distributions, especially the ex-
traction of the gluon distribution.

The magnitude of the uncertainty inG(x,Q0) due to the
current uncertainty onas , will be investigated by systemati-
cally varying the value of as over the interval
0.105,as,0.122, as mentioned in the previous section. We
shall use the shorthandas for as(MZ) throughout. In terms
of QCD Lambdavalues, this range ofas corresponds to
100,L5

MS,280 ~MeV! and 155,L4
MS,395 ~MeV!. We

shall in general use theMS scheme in NLO QCD.
To provide a base line for comparison, we first obtain a

series of such fits under identical conditions and using the
same data sets~i.e., pre-1995! as in the CTEQ3 analysis@13#.
We shall refer to this as the A-series.3 By definition, the best
fit in this series is the published CTEQ3M fit with
as50.112 (L5

MS5158 MeV!. A comparison of the gluon
distributions that correspond to these values ofas are pre-
sented in Fig. 2. In order to render the differences in the
various regions ofx visible over the range 1024,x,1, part
~a! highlights the small-x region by plotting xG(x,Q)
against logx, part ~b! accentuates the medium-x range by
plotting x2G(x,Q) vs logx,4 and part~c! emphasizes large-
x by plotting x2G(x,Q) vs x. For the many detailed com-
parisons to follow, these separate plots, though conventional,
will prove to be rather cumbersome. We consolidate them
into one single, less conventional plot in Fig. 3 in which all

curves are normalized by the functionx21.5(12x)3, which
takes out most of the singular~rapidly vanishing! factors at
small ~large! x. The scale for the abscissa is chosen to be a
function of x, which smoothly interpolates between logx ~at
small x) andx ~at largex) so that the behavior ofG(x,Q)
over the fullx range is more evenly displayed. We see that
all of the features seen in the three plots of Fig. 2 are evident
in this single figure. This will be the format of choice in most
subsequent comparisons.

We see in Fig. 3 that, in the regionx.0.05 where the
largest concentration of data used for the fit lie, increasing
values ofas lead to decreasing values ofG(x,Q) — as
expected~particularly for the direct photon data!, since the
product of the two enters into most cross-section and evolu-
tion kernel formulas.5 As noted before, in the CTEQ3 analy-
sis, and therefore in this series of fits, the initial gluon dis-
tribution function is parametrizedminimallyas

G~x,Q0!5A0x
A1~12x!A2~11A3x!, ~2!

with A1 set to be the same as that of the sea quarks. Hence
there are three free gluon parameters,A0,2,3, in the fit. For
eachas , we found the best solution to be quite stable against
perturbations in the fitting procedure and starting parameters,
indicating the parametrization and the experimental con-
straints are well matched. This also results in an orderly
variation ofG(x,Q) asas is varied, as seen in the figure. If
one takes the range ofas used here as representing the cur-
rent uncertainty onas , then the spread of the gluon distri-
bution shown in Fig. 3 gives the corresponding uncertainty
onG(x,Q) ~based on the data available prior to 1995, and on
the variation ofas alone!. We should mention that, although
quark distributions are allowed to vary freely, the valence
quark distributions remain practically the same for all of the
fits in this series, because they are very much pinned down
by the precision DIS data in the region where they dominate
the structure functions. On the other hand, the sea quark
distributions couple toG(x,Q); thus, they do show a sys-

2Results are similar for E665 and ZEUS. Comparison with the full
data sets will be presented later; cf. Fig. 13.
3This series of fits were originally obtained in 1994. They have

been used in various phenomenological studies related to gluon
distributions andas determination conducted by CTEQ, CDF, and
D0 Collaborations. They have not been formally published.
4Note that, sincex2G(x)dlnx5xG(x)dx5 momentum fraction car-

ried within dx, each curve in this plot directly depicts the distribu-
tion of the momentum fraction carried by the gluon for that set.

5The order is reversed for smallx, because of the momentum sum
rule.

FIG. 1. Comparison of NLO
calculations based on the previous
generation CTEQ3M parton dis-
tributions with the latest NMC~a!
and H1~b! data in the small-x re-
gion where discrepencies appear.
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tematic variation withas , although the variation is some-
what reduced compared to that of the gluon.

Next, we investigate the impact of the new DIS data from
NMC @18#, E665@21#, and HERA@19,20# on F2 by repeat-
ing the same study, with the new data sets replacing the
original ones. The resulting series of fits is called the
B-series. The quality of these fits~measured inx2 values! are
similar to those of the A-series. Six representative gluon dis-
tributions in this series are shown in Fig. 4 along with that of
CTEQ3M, for reference. It is rather striking to note that the
spread inG(x,Q) observed above in the small-x (,0.01)
region has been practically eliminated. This is precisely the
region covered by the HERA experiments. In addition, the
new gluons are shifted down from those of the A-series in

the region 0.05,x,0.3 where all three DIS experiments
contribute. At first glance, this may appear surprising in view
of the conventional wisdom thatF2 data are only sensitive to
quarks, not gluons. However, we must realize that, first, in
the small-x regionG(x,Q)is quite large—typically about 20
times bigger than the quark distributions; thus, it has a strong
influence, directly and indirectly, on all physical quantities
through the hard cross section and the evolution equation.
Moreover, these fits use the minimal parametrization, includ-
ing the constraintA1

G5A1
sea, which strongly couples the be-

havior ofG(x,Q)at small-x to that of sea quarks. Thus, the
much better determinedG(x,Q) just reflects the improved
accuracy of new data in this region. We note also, the large-
x behavior of the new series is somewhat different from the
A-series, even if there are no new data in that region. This
must be due to the indirect effect of the required changes
belowx50.1, induced by the restrictive functional form Eq.
2, and the constraint imposed by the momentum sum rule.
We should point out that the absolute value of the gluon
distribution in the region abovex50.5 is very small~about
1023 compared to its value atx50.1); thus the significance
of the observed differences should not be overemphasized.

FIG. 2. Series-A gluon distributions in the small-, medium-, and
large-x regions. A.105 refers to the gluon associated with
as(MZ)50.105, and likewise for the other ones.

FIG. 3. Series-A gluon distributions normalized by the function
x21.5(12x)3 in order to display clearly the behavior ofG(x,Q)
over the entirex range. For the same purpose, the horizontal x-axis
is drawn with a scale which smoothly changes from log to linear
behavior.

FIG. 4. Series-B gluon distributions normalized by the function
x21.5(12x)3. ~Cf. caption of Figs. 2 and 3 for explanation.!
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The minimal parametrization forG(x,Q0) used above
was originally chosen in the CTEQ3 analysis for its economy
— all data sets included in these global analyses can be
reasonably well fitted with this form. This does not prove
that the true gluon distribution must fall within the range
shown above; in particular, the trueG(x,Q0) may be more
complicated than can be represented by this parametrization.
~For instance, all global analyses find it necessary to use one
more parameter to describe the valence quarks.! Only experi-
ments probingG(x,Q) in a different way can tell whether
our results so far are adequate. Before turning to such addi-
tional input, we can obtain a different estimate of the uncer-
tainty on the gluon distribution that is complementary to the
width of the ‘‘band’’ shown in Figs. 3 and 4. We adopt the
more general ‘‘(m12)’’ parametrization ofG(x,Q0) al-
ready used in CTEQ2:

G~x,Q0!5A0x
A1~12x!A2~11A3x

A4!. ~3!

In addition to introducing the new parameterA4 compared to
Eq. 2, the parameterA1 is untied fromA1

sea and treated as
free. This results in a new series of fits, called the C-series.

With two more free parameters than in the B-series, one
would expect~i! to fit the collective data ‘‘better’’ than be-
fore and~ii ! to find an increased range of variation of the
gluon distribution. Indeed, thex2 for the fits decreased
slightly @by about 10~/1000 points.!# compared to the corre-
sponding ones in the B-series. The gluon distributions at
Q55 GeV in this series for 6 values ofas is shown in Fig.
5. First, we see that the range of variation ofG(x,Q) in this
series is much wider as compared to that of series B, al-
though both include the same improved DIS data. In particu-
lar, in the small-x region, the very narrow range in series B is
very much opened up by the freeing of theA1 parameter for
the gluon; since nowq(x,Q) andasG(x,Q) can vary inde-
pendently, the measuredF2 ~which depends on both! no
longer constrains each piece tightly as in the B-series. Sec-
ond, we note that the gluon distribution does not vary in a
systematic manner as theas value is varied, in contrast to the
well constrained case in series A and B. Further study has
indicated that, unlike in the other cases, small changes in the
fitting process can lead to different solutions for some values
of as . This suggests that the fits are not entirely stable, or, in

other words, the system becomes somewhat under-
constrained with the two extra parameters introduced.

These observations point to the need for more experimen-
tal input in order to measure better the gluon distribution. We
need new data to determine whether the additional degrees of
freedom associated withA1

G andA4
G are required for the true

gluon or whether the restricted form used in series B is al-
ready sufficient. IfA1

G andA4
G are required, these new data

could help to stabilize the fits found in the C-series and
hence shed light on the possible range ofG(x,Q) allowed.
From the discussion given in the introduction, it is clear that
inclusive jet production data could be used to help resolve
these issues, as we will show in the next section. To con-
clude this section, Table I summarizes the above described
three series of global fits, as well as those including jet data
to be discussed next.

IV. COMPARISON WITH NEW INCLUSIVE JETS
CROSS SECTION

For studying the impact of inclusive jet production cross
section, we use the recent measurement ofds/dEt from the
CDF @7# and D0 @8# Collaborations. The preliminary data
obtained in run IB of the Fermilab Tevatron by the two ex-
periments are shown in Fig. 6. Although data are available
for 15 GeV,Et,450 GeV, we will include in our NLO

TABLE I. Several series of global fits on which the physics
discussions are based. ‘‘New DIS data’’ refers to those becoming
available since 1995. Minimal parametrization ‘‘m’’ refers to Eq.
~2!, and ‘‘m12’’ refers to Eq.~3!. The last column refers to the
section number where the specific series is discussed.

New Inclusive Section
Series DIS data jet data Parametrization discussed

A m III
B x m III,IV
C x m12 III
CTEQ4A x x m12 V
Qcut x x m Appendix

FIG. 5. Series-C gluon distributions normalized by the function
x21.5(12x)3. ~Cf. caption of Figs. 2 and 3 for explanation.!

FIG. 6. Inclusive jet cross-section measured by the CDF and D0
collaborations in Run-IB at the Tevatron.~Averaged over
0.1,uhu,0.7 in the case of CDF anduhu,0.5 in the case of D0.!
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QCD analysis only dataabove50 GeV because there are a
number of potential theoretical and experimental problems
that may affect the proper comparison between NLO QCD
theory and data for lowerEt . These include~1! scale uncer-
tainty of NLO QCD calculations, which becomes non-
negligible at lowEt @cf. Fig. 7~a!#; ~2! ambiguities in the
definition of the ‘‘underlying event’’ coming from the
proton-antiproton remnants@cf. Fig. 7~b!#; ~3! possible prob-
lems in the match between theoretical and experimental jet
definitions, such as fragmentation products outside the jet
cone;~4! kt broadening of the initial state partons@4#; and~5!
nonperturbative corrections to the theory, which could be of
order 1/Et rather than 1/Et

2 @22#. All of these affect lowEt

jets much more than highEt jets, as will be illustrated by two
examples, one theoretical and one experimental. Figure 7~a!
shows the scale dependence of the NLO QCD calculation as
a function ofEt : the theoretical inclusive jet cross section is
shown for several choices of the renormalization and factor-
ization scale (m5mR5mF) normalized to our standard
choicem5 Et/2.

6 For low Et , the ratio becomes large and
unstable; above 50–75 GeV, the different choices are within
10% and stay relatively constant—they amount to shifts in
the overall normalization of the cross section. Figure 7~b!
shows the percentage effect on the inclusive jet cross section
in the CDF experiment due to a630% change in the under-
lying event correction~in run IA!. Again, the uncertainty
becomes large below 50–75 GeV.

To emphasize the quantitative aspects of the subsequent
analysis, the measured steeply fallingds/dEt is normalized
to the NLO QCD theoretical expectation using the CTEQ3M
parton distributions~solid horizontal line! and displayed in
Fig. 8 on a linear plot~with statistical errors only on the data
points!. In Fig. 8, we have taken into account the slightly
different pseudorapidity coverage of the two experiments
(0.1,uhu,0.7 for CDF vsuhu,0.5 for D0! by normalizing
each data set with respect to the theory values computed with
the correspondingh range. In addition, we have allowed a
small overall normalization of the two data sets, well within
the quoted uncertainties, for this comparison. This figure
shows that the two data sets agree quite well over the entire

Et range, especially when considering the quoted systematic
uncertainties~not shown!. See Ref.@23# for more discus-
sions. We will discuss the experimental systematic uncer-
tainties in the proper context of the ‘‘range’’ of gluon distri-
butions later in this paper. The rise of the data points at high
Et values over the CTEQ3M expectation, more noticeable
for the CDF points, has been the subject of much recent
discussion and speculation@7,6,24#. We will comment on
this issue in the context of the global analysis conducted in
this paper in a later section.

Since most inclusive jet data are collected in the central
rapidity region, thex-value of the PDFs probed is around
xt52Et /As. For 50 GeV,Et,450 GeV, thex range is
approximately 0.06–0.5. Over this range, the relative impor-
tance of the three parton subprocesses — quark-quark,
quark-gluon, and gluon-gluon — shifts continuously from
being gluon-dominated to quark-dominated, as illustrated in
Fig. 9. We should also keep in mind that these jet data probe
hadron structure at much higher momentum scales than
fixed-target experiments. Due to the nature of the QCD evo-
lution equation, parton distributions at these high momentum
scales are determined by those at lower scales and higherx
values. Thus the effectivex range inG(x,Q0) for some
Q0, e.g., 1.6 GeV, used in our analysis, probed by these jet

6The theoretical calculations of jet cross section in this paper are
carried out using the EKS program@9#.

FIG. 7. Two examples of
sources of uncertainties in com-
paring inclusive jet data with
NLO QCD theory:~a! Fractional
difference betweends(Et ,m)/
dEt and ds(Et ,m5Et/2)/dEt
~for the CDF rapidity coverage
0.1,uhu,0.7) as a function of
Et for a variety values ofm; ~b!
fractional change in the cross-
section due to630% change in
underlying event correction in the
CDF experiment.

FIG. 8. Inclusive jet cross-section measured by the CDF and D0
collaborations in Run-IB at the Tevatron normalized to NLO QCD
calculations based on CTEQ3M PDFs. The difference in rapidity
coverage of the two experiments is taken into account.
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data extends to much higher values than the nominal values
mentioned above. Since the quark distributions throughout
this range are very well pinned down by DIS experiments,
one expects the jet data to be particularly useful in constrain-
ing the gluon distribution. The value ofas has considerable
influence on the gluon determination for several reasons.
First, the cross section for mediumxt is proportional to
as
2Gn(x,Q) (n52,1,0), so that as as increases,

G(x,Q)will decrease. Second,as controls the rate of evolu-
tion of G(x,Q), and hence affects the slope of the gluon
distribution for given measured jet cross sections. Third,
as(m) itself depends onx through m5Et/25xAs/4 ~at
h50), so that the rate of variation ofas ~controlled by its
strength! is coupled to thex-dependence ofG(x,Q) in the
cross-section formula.

We now apply the results obtained in Sec. III to these jet
data to see how the latter agree with the predictions of per-
turbative QCD using these new parton distributions deter-
mined by the other processes. Figure 10 compares the
predictions of the PDFs from the B-series~which incorporate
the most recent DIS data and use the minimal parameters for
the gluon! with the jet data, using the same
‘‘ ~Data - Theory! /Theory’’ format as Fig. 8. We use the set
with as(MZ)50.116 as the ‘‘Theory’’~horizontal solid line!
against which the data points, as well as the predictions of
the other fits with differentas values in the series, are dis-
played in this plot. To make these comparisons, we allow an
overall relative normalization between theory and data.7 The
normalization factor for the CDF or D0 data set ranges from
0.94/0.92 to 1.08/1.06 foras50.110 to 0.122@25#. The nor-
malization uncertainties quoted by the CDF and D0 experi-
ments are around 5%. Considering the seven orders of mag-

nitude of variation of the cross section~Fig. 6!, this is quite
remarkable. Within the minimal parametrization of the gluon
used by the B-series, the parton distributions narrowed down
by recent precise DIS data~see previous section! areremark-
ably consistentwith the new high statistics inclusive hadron-
hadron jet data. We also found that the more generally pa-
rametrized C-series PDFs give qualitatively similar
predictions for jet cross sections compared to the B-series
displayed in Fig. 10; hence, they will not be separately
shown.

The important questions at this point are the following:~i!
At a more quantitative level, how can these parton distribu-
tions be improved by including the jet data in the analysis
from the beginning?~ii ! Will the addition of the jet data
reduce the variation ofG(x,Q) when we use the more gen-
eral (m12) parametrization?

V. NEW CTEQ PARTON DISTRIBUTION SETS — CTEQ4

To answer these questions, we have performed an exten-
sive study of the interplay of the inclusive jet data with the
high-precision DIS and other data within the CTEQ QCD
global analysis program. The complete set of processes and
experiments used is given in Table II. To display explicitly
the wide coverage of these experiments over the kinematical
variables, we show in Fig. 11 a map of the (x,Q) plane with
the data range of the various experiments. We see the greatly
expanded kinematic coverage compared to a few years ago
in the direction of smallx due to the HERA experiments, and
in the highQ direction due to the Fermilab Tevatron inclu-
sive jet experiments.8 As before, all processes are treated
consistently to NLO accuracy in PQCD. This new round of
global analysis will be referred to as the CTEQ4 analysis.

Building upon studies described in the previous sections,
we explored all the issues described in Sec. II, now with jet
data also playing a role. Although the quark distributions are

7Such a renormalization, within errors, is usually allowed in glo-
bal fitting.

8Since these experiments are the only ones in the respective kine-
matic region, new information on parton distributions extracted
from these data provide challenges to QCD theory for future com-
parison with independent measurements based on other processes.

FIG. 9. Relative contribution to the inclusive jet cross-section
due to the various partonic subprocesses.

FIG. 10. Inclusive jet cross-section of CDF and D0 compared to
NLO QCD calculations based on the new B-series parton distribu-
tions.
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coupled toG(x,Q) andas , they remain tightly constrained
by the DIS experiments, and hence stay very close to those
determined before. Thus, our studies effectively concern
mainly the range of variation ofG(x,Q) due to uncertainties
in as and the parametrization of the nonperturbative initial
distribution.~We have also looked into the influence due to
the choice of ‘‘Qcut, ’’ which will be described in the Appen-
dix!. Since the results from Sec. IV indicate that it is possible
to obtain good fits to all the data using the minimal param-
etrization of the gluon distribution even without taking into
account the experimental systematic errors on the inclusive
jet data, we anticipate the most important role of the latter in
the new analysis is to constrain the possible range of
G(x,Q). Hence, we shall use the more general (m12) pa-
rametrization which allows a wider range of variation of
G(x,Q). We shall not include the correlated systematic un-
certainties on the jet data since they are not crucial for the
present purposes. This point will come up again later. More
discussions on the experimental systematic uncertainties can
be found in the Appendix.

The new generation of CTEQ4 parton distributions are
summarized in Table III. They will be described in turn in
the following.

A. Standard CTEQ4M parton distributions

We first present the standard fit in theMS scheme which
we will designate as the CTEQ4M set of parton distributions.
The as(mZ) value for this set is 0.116, corresponding to
second orderL550.202 orL450.296 GeV. This set gives
excellent fit to all data sets. The totalx2 for 1297 DIS and
DY data points is 1320. Detailed information on thex2’s for
the various experiments, in comparison to those obtained us-
ing other current and previous generations of parton distri-
butions are presented in Tables IV and V, respectively. The
direct photon and jet data sets are not included in thex2 table
since, without including the sizable theoretical uncertainties
for the former9 and experimental systematic errors for the
latter, the significance of suchx2 values would be difficult to
evaluate. The comparison of the CDF and D0 jet data to the

TABLE II. List of processes and experiments used in the global
analysis.

Process Experiment Measurable Data points Ref.

DIS BCDMS F2 H
m ,F2 D

m 324 @26#
NMC F2 H

m ,F2 D
m ,F2 n/p

m 297 @18#
E665 F2 H

m ,F2 D
m 70 @21#

H1 F2 H
e 172 @19#

ZEUS F2 H
e 179 @20#

CCFR F2 Fe
n ,xF3 Fe

n 126 @27#
Drell-Yan E605 sds/dAtdy 119 @28#

NA-51 ADY 1 @29#
W production CDF Lepton asymmetry 9 @30#
Direct g WA70 Ed3s/d3p 8 @3#

UA6 Ed3s/d3p 16 @31#
Inclusive jet CDF ds/dEt 36 @7#

D0 ds/dEt 26 @8#

TABLE III. List of new CTEQ4 parton distributions and their
characteristics.

PDF set Description as(mz) Q0
2(GeV2)

Standard sets
CTEQ4M MS scheme 0.116 2.56

CTEQ4D DIS scheme 0.116 2.56
CTEQ4L Leading order 0.132 2.56

as series
CTEQ4A1 1 0.110 2.56
CTEQ4A2 2 0.113 2.56
CTEQ4A3 Same as CTEQ4M 0.116 2.56
CTEQ4A4 4 0.119 2.56
CTEQ4A5 5 0.122 2.56

Specials
CTEQ4HJ ‘‘Hi-jet’’ 0.116 2.56
CTEQ4LQ ‘‘Low Q0’’ 0.114 0.49

FIG. 11. Kinematic map in the (x,Q) plane of data points used
in the current global analysis.

FIG. 12. Inclusive jet cross-section of CDF and D0 compared to
NLO QCD calculations based on the new CTEQ4M parton distri-
butions.

9See the introduction and Refs.@4,6# for discussions on these un-
certainties.
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NLO QCD inclusive jet cross section calculated with the
CTEQ4M distributions is shown in Fig. 12. The comparison
of the recent NMC, H1, and ZEUS data sets to the fit is
shown in Fig. 13.

From Table IV, we see that the CTEQ4M PDF set has the
best overall quantitative agreement between NLO QCD
theory and global data on high energy scattering. It also rep-
resents a significant improvement over the previous genera-

tion of parton distributions, as a comparison to Table V
makes clear. Most of the difference is caused by the new
precision data from the HERA experiments. Figure 12 shows
good general agreement of CTEQ4M with the jet data, while
the much discussed ‘‘highEt excess’’ is still noticeable. We
will return to this issue in Sec. VI where an alternative ‘‘high
Et jet-fit’’ CTEQ4HJ ~included in Table IV! will be dis-
cussed. Figure 13 explicitly shows the improvement of

TABLE IV. Total x2 values and their distribution among the DIS and DY experiments for current
generation of parton distributions which take into account the most recent HERA~1996! and NMC ~1995!
data. In parentheses are thex2/point values.

No. of
Expt. points CTEQ4M CTEQ4HJ CTEQ4LQ MRSJ

BCDMSH 168 144.8~0.86! 173.0~1.03! 139.4~0.83! 183.1~1.09!
BCDMSD 156 185.6~1.19! 205.9~1.32! 182.5~1.17! 229.3~1.47!
NMCH 104 97.3~0.94! 91.7~0.88! 96.0~0.92! 113.4~1.09!
NMCD 104 93.3~0.90! 90.2~0.87! 97.9~0.94! 122.7~1.18!
NMCR 89 130.8~1.47! 133.5~1.50! 132.6~1.49! 142.4~1.60!
E665H 35 41.3~1.18! 38.5~1.10! 44.5~1.27! 37.8~1.08!
E665D 35 32.3~0.92! 33.5~0.96! 34.3~0.98! 29.8~0.85!
CCFRF2 63 83.2~1.32! 72.4~1.15! 74.3~1.18! 107.7~1.71!
CCFRF3 63 46.5~0.74! 45.5~0.72! 49.9~0.79! 57.8~0.92!
ZEUS 179 243.4~1.36! 232.7~1.30! 268.5~1.50! 252.4~1.41!
H1 172 118.9~0.69! 120.2~0.70! 131.9~0.77! 109.6~0.64!
CDFAW 9 4.3~0.48! 3.4~0.38! 3.8~0.42! 3.3~0.37!
NA51 1 0.6~0.63! 0.5~0.49! 0.4~0.41! 2.5~2.47!
E605 119 97.7~0.82! 101.6~0.85! 100.4~0.84! 97.8~0.82!

Total 1297 1320 1343 1356 1490

TABLE V. Total x2 values and their distribution among the DIS and DY experiments for the previous
generation of parton distributions which includes experimental data available in 1995~MRSA8! or before
1995 ~CTEQ3M, MRSA!. Gluck, Reya, and Vogt~GRV! do not perform a full global fit and they use a
different scheme to compute the charm contribution toF2. Since it is used widely, it is included here for
reference only. In parantheses are thex2/point values.

No. of
Expt. points MRSA8 CTEQ3M MRSA GRV

BCDMSH 168 156.9~0.93! 128.7~0.77! 168.0~1.00! 250.3~1.49!
BCDMSD 156 213.7~1.37! 190.3~1.22! 215.3~1.38! 187.2~1.20!
NMCH 104 129.0~1.24! 146.6~1.41! 114.4~1.10! 123.8~1.19!
NMCD 104 151.8~1.46! 137.3~1.32! 135.2~1.30! 115.4~1.11!
NMCR 89 143.3~1.61! 134.4~1.51! 140.6~1.58! 129.0~1.45!
E665H 35 38.2~1.09! 47.6~1.36! 37.8~1.08! 39.9~1.14!
E665D 35 29.1~0.83! 44.5~1.27! 29.5~0.84! 29.8~0.85!
CCFRF2 63 68.0~1.08! 66.2~1.05! 68.7~1.09! 164.4~2.61!
CCFRF3 63 54.1~0.86! 41.9~0.67! 61.7~0.98! 114.7~1.82!
ZEUS 179 368.7~2.06! 549.5~3.07! 1222.6~6.83! 843.1~4.71!
H1 172 149.5~0.87! 220.2~1.28! 407.6~2.37! 404.2~2.35!
CDFAW 9 4.2~0.47! 3.0~0.33! 3.7~0.41! 9.6~1.07!
NA51 1 0.1~0.06! 0.4~0.42! 0.01~0.01! 0.01~0.01!
E605 119 93.5~0.79! 92.6~0.78! 95.9~0.81! 90.3~0.76!

Total 1297 1600 1803 2701 2502
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CTEQ4M over CTEQ3M in describing the recent high-
precision DIS experiments. In the Appendix, we will give
detailed information on the parameters which characterize
the initial parton distributions atQ051.6 GeV~which coin-
cides with our choice of the charm threshold!. Here, we only
note that the (A1 ,A2) parameters~cf. Eqs. 1 and 2! of the
gluon and the sea quarks are (21.21,4.67) and
(21.14,8.04), respectively.

B. CTEQ4A-series of parton distributions
with varying as and G„x,Q…

In exploring the range of variation of allowedG(x,Q) by
varying the values ofas , changing the number of parameters
for the gluon, and altering theQcut of data selection, we have
found the largest effect is due to the varying ofas . Hence, in
presenting a series of PDFs which gives a reasonable repre-
sentation of the range of possibilities, we use those generated
with an as range centered around the CTEQ4M value of

FIG. 13. Comparison ofF2
p data from NMC, H1 and ZEUS to NLO QCD calculations based on CTEQ3M and CTEQ4M. The

improvement in the small-x region is evident.

FIG. 14. Inclusive jet cross-section of CDF and D0 compared to
NLO QCD calculations based on the new CTEQ4A series of parton
distributions.

FIG. 15. Series-CTEQ4A gluon distributions normalized by the
function x21.5(12x)3.
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0.116, which is close to the current world average@14#. This
series will be designated as CTEQ4A-series~shorthand
for CTEQ4Alpha!—CTEQ4A1, . . . ,CTEQ4A5, with
CTEQ4A3 being the same as CTEQ4M. Thex2 per point
values for the 1297 nonjet data points are
~1.07,1.02,1.02,1.07,1.19!, respectively. The higherx2 val-
ues at low values ofas mainly come from the HERA DIS
experiments; the higherx2 values at high values ofas are
mainly due to the fixed-target DIS experiments@25#. The
difference inx2 above minimum, especially for the highest
value ofas , is larger than in previous CTEQ analyses~e.g.,
CTEQ2ML vs CTEQ2M! due to the sharply reduced errors
in recent DIS data. However, the difference is comparable to
that between the MRSJ and CTEQ4Mx2s ~cf. Table IV!.
Because correlations in the experimental errors are not avail-
able for all experiments, they have not been included in cur-
rent global analyses, and since theoretical uncertainties are
even harder to quantify, pragmatically, we take thesex2 dif-
ferences as being acceptable for present purposes.

Figure 14 shows the comparison of the CTEQ4A parton
distribution sets with the two jet data sets, using CTEQ4M as
the common calibration. The overall normalization factor on
the jet data sets applied to the various fits range from 0.96
~for CTEQ4A1 on D0 points! to 1.02 ~for CTEQ4A5 on
CDF points!, well within the experimental uncertainty of
;5%. Comparing this to Fig. 10 and the range of normal-
ization factors needed there~0.92–1.08, which is wider than
the experimental error!, we see the expected improvement of
the agreement with the jet data.

The gluon distributions associated with the various values
of as in this series are shown in Fig. 15. Comparing the
CTEQ4A-series to the C-series@the same parametrization
form forG(x,Q0)#, we see that the constraining influence of
the jet data has a rather dramatic effect. The unstable behav-
ior of the various curves observed in the C-series has been
replaced by an orderly variation as one steps through the

values ofas within the range explored. We found, indeed,
that for each value ofas , the solution ofG(x,Q) is rather
unique against perturbations in the fitting procedure.

One concern is that the variation in the CTEQ4A series is
too small due to the lack of treatment of systematic uncer-
tainties in the jet data. To address this issue, we compare the
change in the calculated jet cross sections between the ex-
tremes of the CTEQ4A series to the largestEt-dependent
uncertainty in the CDF data~see Fig. 16!. It shows that the
range of variation in the CTEQ4A series is about 10% in the
moderateET range, while the experimental systematic uncer-
tainty is about the same.10 This observation lends some con-
fidence that this series gives a reasonable estimate of the
range of variation ofG(x,Q). To the extent that there are
sources of uncertainty other thanas , the variation in
G(x,Q) given here may be considered a minimum range.
However, our study does indicate that the variation due to
the uncertainty ofas may be the dominant one.

Figure 17 shows a comparison of some of the new gluon
and singlet quark distributions with those of CTEQ3M and
MRSJ in the usual formx f(x,Q) without the normalization
factor as in previous figures. On this conventional plot, dif-
ferences inG(x,Q) can be seen only in the small-x region,
and the CTEQ3M and CTEQ4M gluons appear to be indis-
tinguishable. Differences in the singlet quark distribution are
more evident nearx50.01. The fact that only small changes
in the parton distributions result from adding so much new
data in the global analysis is testament to the impressive
progress in pinning down these parton distributions that has
been made in recent years. These changes, though small, are
nonetheless physically significant, as demonstrated by the
substantial differences inx2 values between the new and old

10Of course, given the good agreement between the two Tevatron
experiments@23#, if the CDF jet data requires a significant change
due to a systematic error, the D0 data would require the same
change, an unlikely occurrence since there is almost no correlation
in the two experimental measurements.

FIG. 16. Percentage range of variation of the inclusive jet cross-
section from the two extreme CTEQ4A PDF sets~CTEQ4A1 and
CTEQ4A5! compared to the largest of theEt dependent systematic
uncertainties.

FIG. 17. Comparison ofxG(x,Q) andxS(x,Q) between some
new parton distribution sets and those from CTEQ3M.S(x,Q) is
the singlet quark distribution~sum over all flavors!. The CTEQ3M
and CTEQ4M gluons appear to lie on top of each other. The same
is true for the CTEQ4A1 and MRSJ gluons. Differences in
G(x,Q) for x.0.01 are not evident in this plot.
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parton distribution sets on the precision experiments given in
Tables IV and V.

C. Other CTEQ4 parton distributions

Along with the standard CTEQ4MMS parton distribu-
tions, we have obtained corresponding parton distributions in
the ‘‘DIS scheme’’—CTEQ4D. CTEQ4D uses the same
value ofas (50.116) as CTEQ4M; it is obtained by fitting
under identical conditions as CTEQ4M except that the hard
cross sections are evaluated in the DIS scheme. Thex2 val-
ues of this fit are comparable to those of CTEQ4M. For
applications requiring leading order calculations, we also
provide an appropriate parton distribution set labelled
CTEQ4L, which is obtained from the best fit to the same
data sets, using leading order hard cross sections for all the
processes. The parameters for the initial distributions at
Q051.6 GeV for these three standard sets of CTEQ4 distri-
butions are given in the Appendix.

There has been much interest in comparing QCD with the
copious data available atQ values below our choice of
Q0
252.56 GeV2. Thus, for applications requiring a low

value of the scaleQ, we provide a parton distribution set,
CTEQ4LQ, in which the initial scale is set at
Q0
250.49 GeV2. This scale is chosen to be small enough to

make these distributions useful for low-Q data, yet high
enough to be within the momentum range at which perturba-
tive evolution is, in our judgement, sensible. CTEQ4LQ is
obtained from a NLO fit to the same data used in the other
PDF sets, including the same kinematic cuts. In particular,
measured structure functionsF2 for Q,2 GeV were not
used, since the proper treatment of lowQ data will need
higher twist effects that are not included in the formulas used
in our fits.

In this way, CTEQ4LQ represents an extrapolation of the
twist-2 parton distributions into the lowQ region rather than

a best fit. Nevertheless, the resulting structure functionF2

computed from the CTEQ4LQ parton distribution set, ne-
glecting higher twist effects, turns out to agree fairly well
with that measured by the NMC, E665, and H1 collabora-
tions in the range 1.0,Q,3.0 GeV, as shown in Fig. 18.
Also shown are predictions from the GRV distributions@32#
which first drew attention to the usefulness of these lowQ
distributions. The improvement is noticeable.~Compare
Tables IV and V for quantitative comparisons.11! The Q0

used in the CTEQ4LQ set is somewhat higher than that of
GRV. (Q0 was determined by fitting data in the GRV ap-
proach.! The parameters for the initial distributions atQ0 for
the CTEQ4LQ set are given in the Appendix along with the
other standard sets. Notice that theA1 coefficients, which
appear in the factorxA1, are all positive; hence the gluon and
the sea quark distributions atQ5Q0 fall asx→0, as for the
valence distributions.12 This type of behavior, first found by
GRV, is a necessary consequence of the strong QCD evolu-
tion in the lowQ region, together with experimental con-
straints from the measured small-x behavior ofF2 at moder-
ateQ which require the effectiveA1 at Q

253 GeV2 to be
;(20.3).

The rather remarkably consistent picture resulting from
this round of CTEQ4 global analysis incorporating jet data

11Note added in proof.Part of the difference is attributable to the
different ways the charm contribution toF2 is evaluated. This is
significant for the HERA data. The numbers given in Table V apply
using the conventional scheme employed by current CTEQ and
MRS groups. We thank A. Vogt for pointing this out.
12For this fit, theA1 coefficients for the gluon and the sea and

valence quarks are treated as independent; they all come out to be
rather different. These values are strongly dependent on the value of
Q0 used.

FIG. 18. Comparison ofF2
p data in the low-Q region from H1, E665 and NMC to NLO QCD calculations based on CTEQ4LQ and GRV

PDF’s. The curves for each PDF set have been multiplied by a normalization factor which optimizes the fit between theory and experiment
globally. Cf. Tables X and XI.
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from hadron collisions provides a new generation of im-
proved parton distributions for making calculations and pre-
dictions on high energy processes both within and beyond
the standard model. The more tightly constrained parton dis-
tributions can also lay the foundation for more stringent tests
of the PQCD framework and provide the basis for discerning
signals of new physics.

At present, a remaining area of some uncertainty is the
gluon distribution in the ‘‘largex’’ region, beyond approxi-
mately 0.25, where neither the DIS nor the direct photon
data give tight constraints. For the DIS process, the sensitiv-
ity to the gluon begins belowx50.1. For the direct photon
process there are a number of theoretical uncertainties which
are not yet under control, as already discussed in the intro-
duction. The noticeable rise of the inclusive jet data points
@7# above all ‘‘theory’’ curves shown so far may be related to
the conventional choices of parametrization of the nonpertur-

bative functionG(x,Qi), which restricts its behavior in the
largex region. This possibility, first raised in Ref.@6#, will be
discussed next in the context of the CTEQ4 analysis pre-
sented above.

VI. HIGH Et JETS AND PARTON DISTRIBUTIONS

The higher-than-expected inclusive jet cross sections, first
measured by the CDF collaboration@7# for Et.200 GeV,
were observed in comparison to the existing parton distribu-
tion sets, including CTEQ3M as shown in Fig. 8. This ‘‘ex-
cess’’ is reduced slightly when jet data are included in the
global fit, but is still noticeable in Figs. 12 and 14 for the
CTEQ4A series of distributions. This is understandable since
the highEt data points have large errors, so they do not carry
much statistical weight in the fitting process, and the simple
~unsigned! x2 is not sensitive to the observed pattern that all
the points are higher than the theoretical prediction in the
largeEt region. Reference@6# investigated the feasibility of
accommodating these higher cross sections in the conven-
tional QCD framework by exploiting the flexibility of
G(x,Q) at higher values ofx where there are few indepen-
dent constraints, while maintaining the agreement with other
data sets in the global analysis. To do this, it is necessary to
~i! provide enough flexibility in the parametrization of
G(x,Q0) to allow for behaviors different from the usual~but
arbitrary! choice, and~ii ! focus on the highEt data points
and assign them more statistical weight than their nominal
values in order to force a better agreement between theory
and experiment. Thus, the spirit of the investigation is not to
obtain a ‘‘best fit’’ in the usual sense. Rather, it is~i! to find
out whether such solutions exist, and~ii ! if they do exist, to
quantify how well these solutions agree with other data sets
as compared to conventional parton distribution sets. The
global analysis work described in Sec. V, without special
attention to the highEt points, provides the natural setting to
put the results of Ref.@6# in context.

Reference@6# was performed using the CDF Run-IA
data—the only high statistics inclusive jet measurement
available at the time. Two illustrative ‘‘solutions’’ of the
type described above were presented—one with the normal-
ization fixed at 1.0 with respect to the CDF data, the other
with a normalization factor of 0.93. Figure 19 compares pre-
dictions of the normalization51.0 PDF set, which we shall
refer to as the CTEQ4HJ set, with the more recent run-IB
results of both CDF and D0. For this comparison, an overall
normalization factor of 1.01~0.98! for the CDF~D0! data set
is found to be optimal in bringing agreement between theory

TABLE VI. Parameters for the CTEQ4M initial parton distribu-
tions at Q051.6 GeV. Also, as(mz)50.116, corresponding to
L55202 MeV.

Parton A0 A1 A2 A3 A4 % Momentum

xdv 0.640 0.501 4.247 2.690 0.333 11.2
xuv 1.344 0.501 3.689 6.402 0.873 30.6
xg 1.123 20.206 4.673 4.269 1.508 41.7

x(d̄2ū) 0.071 0.501 8.041 0.000 30.000 —

x(d̄1ū) 0.255 20.143 8.041 6.112 1.000 13.2

xs 0.064 20.143 8.041 6.112 1.000 3.3

FIG. 19. Inclusive jet cross-section of CDF and D0 compared to
NLO QCD calculations based on the CTEQ4HJ parton distribu-
tions.

FIG. 20. Percentage deviation of BCDMS proton data from
NLO QCD values based on CTEQ4M and CTEQ4HJ. Both PDF
sets give good fits.

1292 55H. L. LAI et al.



and experiment.13 The consistency between the two data sets,
as well as between theory and experiment, displayed by this
comparison appears to be rather remarkable~again, bearing
in mind the neglect of systematic errors other than overall
normalization!. Results shown in Table IV quantify thex2

values obtained while accommodating the highEt jets in the
global fit in this particular case. Compared to the best fit
CTEQ4M, the overallx2 for CTEQ4HJ is indeed slightly
higher. But this difference is much smaller than the differ-
ences discussed earlier in the CTEQ4A series, and much
smaller than the difference between MRSJ and CTEQ4M.
Thus the price for accommodating the highEt jets is negli-
gible. In addition, the difference between CTEQ4HJ and
CTEQ4M is almost entirely due to the BCDMS data, even
though the BCDMSx2 for CTEQ4HJ by itself is quite good.
This change is due to the fact that, in the CTEQ4M fit, the
BCDMS data set is the dominant one determining the large-
x quark distributions, while, in the CTEQ4HJ fit, the jet data
set is in competition for these quark parameters, and they are
changed by minute amounts. This is shown in Fig. 20 where
the residuals between BCDMS data and theory are shown for
CTEQ4M and CTEQ4HJ. The residuals are almost identical,
which, together with Table IV, confirms the fact that even
though CTEQ4HJ does not give the absolute overall best fit
to all data, it provides an extremely good description of all
data sets. It should be considered as a candidate for the gluon
distribution in nature.14 In the future we will need strong,
independent measurements of the large-x gluons in order to
clarify the situation with the high-Et jets.

VII. SUMMARY

In this study of the impact of recent DIS and inclusive jet
data on the global QCD analysis of lepton-hadron and
hadron-hadron processes, we see significant progress in dem-
onstrating the consistency of the NLO QCD framework, and
in narrowing the uncertainties on the elusive but important
gluon distribution. Specifically, we note the following.

The recent NMC, E665, H1, and ZEUS data considerably

narrow down parton distributions and limit the behavior of
the gluon, especially if one uses the minimal form of the
gluon parametrization used by CTEQ3.

The new inclusive jet data agree well with theory predic-
tions based on PDF’s determined by the other processes,
with the possible exception of the highEt data points.

By adding jet data to the global analysis, it is possible to
further explore the range of variation of the gluon distribu-
tion using a more general parametrization. Although the jet
data set covers a limitedx-region, its effect is felt over the
entire x-range because it complements the other data sets
well.

Based on these investigations, a new generation of
CTEQ4 parton distributions for a variety of features are pre-
sented; they are tabulated in Table III.

Three sources contributing to the uncertainty of the gluon
distribution have been investigated:~i! by letting as vary
over its current range of uncertainty;~ii ! by increasing the
degree of freedom for parametrizing the nonperturbative ini-
tial gluon distribution; and~iii ! by varying theQcut in select-
ing data for the global fits. The largest effect is due toas .

These studies help to delineate the range of variation of
G(x,Q) over the range 1024,x,0.25. Further work is
needed in exploring the range of uncertainty of the gluon and
other parton distributions by systematically varying the rel-
evant parameters of the global analysis.

For larger values ofx, more definitive experimental re-
sults on inclusive jet and direct photon production as well as
improved theory are needed for further progress. The ob-
served highpt ‘‘excess’’ jet cross section can be accommo-
dated by a modified gluon distribution, represented by the
CTEQ4HJ set, since no other independent measurement con-
strains it in this range.

In view of the strong correlation between the gluon dis-
tribution andas , narrowing the uncertainty in the latter will
significantly improve the determination ofG(x,Q). What

13The change of CDF normalization factor from 1.0 to 1.01 is
attributable to the switch from the run-IA to the run-IB data set.
14This is to be contrasted with the conclusion ofincompatibility

between the inclusive jet and DIS data reached by Ref.@33#. Their
fit to inclusive jet data over the fullEt range@the Martin-Roberts-
Stirling set J8 ~MRSJ8) set# gives rise to an extremely largex2 for
the BCDMS data set.

TABLE VII. Parameters for the CTEQ4D initial parton distri-
butions atQ051.6 GeV. Also,as(mz)50.116, corresponding to
NLO L55202 MeV.

Parton A0 A1 A2 A3 A4 % Momentum

xdv 0.724 0.490 3.839 1.688 0.338 11.3
xuv 1.528 0.490 3.554 6.448 1.162 30.4
xg 2.141 20.058 7.554 36.405 2.223 43.7

x(d̄2ū) 0.054 0.490 7.200 0.000 30.000 —

x(d̄1ū) 0.154 20.227 7.200 6.949 1.000 11.7

xs 0.038 20.227 7.200 6.949 1.000 2.9

TABLE VIII. Parameters for the CTEQ4L initial parton distri-
butions atQ051.6 GeV. Also, LOL55181 MeV.

Parton A0 A1 A2 A3 A4 % Momentum

xdv 0.702 0.443 4.003 2.433 0.622 10.9
xuv 1.226 0.443 3.465 7.589 1.146 30.1
xg 0.854 20.305 3.666 1.846 1.968 41.8

x(d̄2ū) 0.050 0.443 6.877 0.000 30.000 —

x(d̄1ū) 0.201 20.200 6.877 5.644 1.000 13.8

xs 0.050 20.200 6.877 5.644 1.000 3.5

TABLE IX. Parameters for the CTEQ4LQ initial parton distri-
butions atQ050.7 GeV. Also, NLOL55174 MeV.

Parton A0 A1 A2 A3 A4 % Momentum

xdv 0.852 0.573 4.060 4.852 0.693 14.7
xuv 1.315 0.573 3.281 10.614 1.034 40.4
xg 39.873 1.889 5.389 0.618 0.474 31.2

x(d̄2ū) 0.093 0.573 7.293 0.000 30.000 —

x(d̄1ū) 0.578 0.143 7.293 1.858 1.000 11.7

xs 0.096 0.143 7.293 1.858 1.000 1.9
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can a global analysis of experimental data described in this
paper contribute to the measurement ofas? To explore this
question, one needs to study in some detail the sensitivity of
each process which contributes to the global analysis to the
variation ofas . This problem will be pursued in a separate
analysis.
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APPENDIX

1. CTEQ4 parton distribution parameters

The initial parton distributions atQ5Q0 , f
i(x,Q0), are

parametrized in general as in Eq.~3! for the gluonG and the
quark flavorsdv ,uv ,ū1d̄,s( s̄); except for the combination
d̄-ū ~which does not have to be positive definite! which is
parametrized as

d̄2ū5A0x
A1~12x!A2~11A3Ax1A4x!.

For all parton distribution sets,Q051.6 GeV, except for
CTEQ4LQ which hasQ050.7 GeV. Tables of the coeffi-
cients $An

i ;n51, . . . ,4;i5flavors% for the three standard
parton distribution sets CTEQ4M, CTEQ4D, CTEQ4L, and
the low-Q0 set CTEQ4LQ are given below, in Tables VI,
VII, VIII and IX. All parton distribution sets listed in Table
III are available in fortran program form by request15 or via
WWW at http://www.phys.psu.edu/~cteq/.

2. Experimental normalization factors

The x2 Tables IV and V are obtained by allowing the
experimental data sets to ‘‘float’’ with respect to the theory
cross sections. For CTEQ distributions, ax2 penalty is in-
cluded in the fitting process for deviations of the normaliza-
tion factors with respect to the respective overall experimen-

tal normalization errors. For non-CTEQ distributions, we
simply obtained the minimumx2 by varying the normaliza-
tion factors without such penalty. The resulting normaliza-
tion factors which go with Tables IV and V are given in
Tables X and XI.

3. Experimental systematic uncertainties

For DIS, DY, and direct photon data, we follow the usual
procedure of combining in quadrature point-to-point system-
atic errors given by the experiments with the statistical er-
rors. Correlated systematic errors other than overall normal-
ization are not generally available from most experiments.
For a few where they are, we have done separate studies of
the consequences of incorporating them in the global analy-
sis, and found they do not affect the best fit parameters by
any significant amount~see Ref.@13#!.

For the preliminary inclusive jet data, only the normaliza-
tion uncertainty is taken into account in the global fit. The
rationale has been explained in Sec. V. The fully correlated
systematic errors from CDF, although available, are not eas-
ily implemented in a way which is consistent with all the
other data sets.~A separate study on the effects of these
uncertainties employing the full correlation matrix is under-
way, and it will be reported in the future.! These errors are
not yet available for the D0 data set. The main effect of
omitting the systematic errors on jets is to increase somewhat

15Requests can be sent to lai_h@pa.msu.edu or tung@pa.msu.edu.

TABLE X. List of normalization factors for the experiments
which minimize thex2’s given in the correspondingx2 table.

Expt. CTEQ4M CTEQ4HJ CTEQ4LQ MRSJ

BCDMS 0.988 0.983 0.993 0.978
NMC 1.016 1.015 1.022 1.018
NMCR 1.000 1.000 1.000 1.000
E665 1.013 1.027 1.009 1.041
CCFR 0.976 0.971 0.983 0.968
ZEUS 1.004 0.999 1.001 1.018
H1 0.993 0.978 0.987 0.994
CDFAW 1.000 1.000 1.000 1.000
NA51 1.000 1.000 1.000 1.000
E605 1.076 1.051 1.075 1.070

TABLE XI. List of normalization factors for the experiments
which minimize thex2’s given in the correspondingx2 table.

Expt. MRSA8 CTEQ3M MRSA GRV

BCDMS 0.977 0.988 0.977 0.957
NMC 1.019 1.005 1.018 0.988
NMCR 1.000 1.000 1.000 1.000
E665 1.045 0.997 1.040 0.992
CCFR 0.968 0.976 0.968 0.949
ZEUS 1.023 0.995 1.099 0.878
H1 0.988 0.957 1.030 0.836
CDFAW 1.000 1.000 1.000 1.000
NA51 1.000 1.000 1.000 1.000
E605 1.025 1.097 1.008 1.012

FIG. 21. Comparison of gluon distributions obtained in three
global fits using three different values ofQcut in data selection.
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the relative weight of this data set in the global analysis. This
will not affect the fits substantially because the jet data agree
well with parton distributions determined from other pro-
cesses, as discussed in Sec. IV.

In general, the question of assigning appropriate relative
weights to different experimental data sets in a global analy-
sis is a difficult one. An experiment with few data points,
which is, however, particularly sensitive to some physical
parameters than all the others, can sometimes be emphasized
justifiably in a globalx2 minimization process; otherwise it
will be overwhelmed by the far more numerous data sets and
the sensitivity will be lost. As an extreme example, the
NA51 experiment@29#, which has an important impact on
the determination of the flavor SU~2! asymmetry of the sea
quarks (ū2d̄), consists of only one data point. It has to be
appropriately emphasized in a global analysis to have an
effect in differentiating the sea quarks.

4. Dependence on the choice ofQcut

In all global QCD studies, a set of cutoffs on the hard
scale ‘‘Q’’ for various processes is used in data selection. In
recent CTEQ analyses, thisQcut has been 2 GeV onQ and
3.5 GeV onW in DIS, 2 GeV onQ ~the invariant lepton pair

mass! in Drell-Yan process, and 4 GeV onpt in direct pho-
ton production. As a final check on the reliability of the
results described in the previous section, we test the sensi-
tivity of the fits to the value of these cutoffs in order to gauge
possible influence due to nonperturbative or higher-twist
effects.16 For this purpose, we carried out several series of
analyses similar to the CTEQ4A-series above, but with the
minimumQcut raised progressively from 2 GeV to 3, 4, and
5 GeV. Data points excluded by these higherQcut’s are
mainly those of fixed-target DIS experiments. We found our
results to be rather stable under these changes. Figure 21
compares the gluon distributions from three PDF sets ob-
tained with threeQcut values mentioned above, all for a
givenas value of 0.113. We see that the differences are quite
small — smaller than those due to the variation ofas ~with
the sameQcut) shown in Fig. 14 and described in Sec. V. The
subtle differences, especially in relation to sensitivity onas
values, will be discussed elsewhere@16#.
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