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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 distribGtjgrQ) allowed by these new
data. The strong coupling @&(x,Q) with « is fully taken into account. A new generation of CTEQ parton
distributions, CTEQ4, is presented. It consists of the three standardreetdified minimal subtraction
(MS), deep inelastic scatterin@!S), and leading ordefLO)], a series that gives a range of parton distribu-
tions with correspondings’s, and a set with a low starting value @f. Previously obtained gluon distributions
that are consistent with the high, jet cross section are also discussed in the context of this new global
analysis[S0556-282(197)05503-3

PACS numbg(s): 13.87.Ce, 12.38.Bx, 14.70.Dj

I. INTRODUCTION ever, there are a number of theoretical uncertainties which
affect the predictions of the normalization and slope of the
Lepton-lepton, lepton-hadron, and hadron-hadron interacmeasured direct photop; spectrum. These effects include
tions probe different and complementary aspects of quanturfl) the sensitivity of the theoretical calculations to the choice
chromodynamics. Each of these interactions provides a winef factorization and renormalization scalel; (2) k, broad-
dow into the elementary interactions of quarks and gluongning of the initial state partons due to soft gluon radiation
and probes the running coupling and quark masses. The cdié]; and (3) photon fragmentation uncertainti€4] and the
responding calculations are performed using perturbativeelated issue of photon isolation cuts]. When all these
quantum chromodynamid®QCD. In addition, these inter- uncertainties are taken into account, existing direct photon
actions probe the partonic structure of hadrons, as reprelata do not place as tight constraints on the gluon distribu-
sented by the parton distribution and fragmentation functionsion as is commonly believef6]. Full exploitation of the
[1,2]. These functions are essentially nonperturbative. Thergotential of this process in a QCD global analysis will re-
are, of course, large areas of overlap between various prauire significant progress in the understanding of the above
cesses, which provide impressive consistency checks of thesues.
theory. In the first approximation, lepton-lepton processes An important process that is sensitive to gluons is jet pro-
provide clean measurements of basic parameters such daction in hadron-hadron collisions. In leading order, the
quark charges, the strong coupliag(Q), and fragmentation cross section is proportional mﬁ(Q)G(x,Q)G(x’,Q) and
functions of partons into hadrons. Deep inelastic scatteringe?(Q)G(x,Q)q(x’,Q) for the gluon-gluon and gluon-quark
structure functions and lepton-pair production cross sectionscattering subprocesses, respectively. Experimental measure-
in hadron collisions provide the main source of informationment of various inclusive jet cross sections has progressed to
on the quark distribution§%(x,Q) inside hadrons. At lead- an increasingly guantitative level in recent years. For in-
ing order, the gluon distribution functioB(x,Q) enters di- stance, at the Fermilab Tevatron, good data on single jet
rectly in hadron-hadron scattering processes with direct phgsroduction are now available over a wide range of transverse
ton and jet final states. In a global QCD analysisenergy, 15 GeV<E;<450 GeV[7,8]. NLO QCD calcula-
incorporating all these processes, one tries to exploit th&ons of jet cross sections have also reached a mature stage
strengths of each process in a uniform framework. Moderf9—11]. Many issues relating to jet definitiofwhich is im-
analyses are carried out to at least next-to-leading ordgvortant for comparing theory with experimgmncountered
(NLO), thus{a(Q), f9(x,Q), G(x,Q)} all contribute and in earlier stages of jet analysis have been extensively studied
mix in the theoretical formulas for each process. Howeverand are better understood. For the moderate to l&ge
the broad picture outlined above does reflect the main rolesange, the scale dependence of the NLO inclusive jet cross
the various processes play in the analysis. section turns out to be relatively sm@ll2]. Thus, it is natu-
Direct photon production has long been regarded as paal that inclusive jet data should now be incorporated into a
tentially the most useful source of information &{(x,Q). global QCD analysis, and that these data should play a role
Fixed-target direct photon data, especially those from WA70n constraining the gluon distributioB(x,Q).
[3], have been widely used in existing global analyses. How- We have carried out a systematic study of this problem
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for the first time, using the CTEQ global analysis frameworkand more quantitative results from hadron collider processes,
[13].1 In this paper, we shall focus on the question: How wellsuch as inclusive jet and direct photon production, are in-
can the gluon distribution be determined as the result of reeluded in the global analysis. In the following, we shall ex-
cent advances in experimental measurements? We discugkre the range of variation d&(x,Q) when the value of
phenomenological issues pertinent to extracidix,Q) in ag is varied within the currently accepted region, which we
the global analyses. These factors are systematically takeshall take to be 0.168a¢(M;)<0.122[15]. The problem of
into account in a series of analyses to gain insight on thehe determination of in global analysis and the guestion
current range of uncertainties dB(x,Q). We found that about consistency o, among different processes will be
recent, more precise, DIS data have a significant influence inonsidered in a subsequent stydg)|.

narrowing down the parton distribution functio(®DF39, in- For a quantitative study db(x,Q), another relevant con-
cluding G(x,Q), and the inclusion of inclusive jet data from sideration is how the choice of parametrization of the initial
hadron colliders further solidifies knowledge®tx,Q) over  gluon distribution at som&=Q, affects the results. All

a wide range ok. As the result of this study, we present new global analyses use a generic form

sets of CTEQ parton distributiorign the modified minimal

subtraction MS), deep inelastic scatterin@IS), and lead- G(%,Qo) =Apx"1(1-x)*2P(x; A3, .. .), (1)

ing order(LO) schemekas well as a series of distributions

which give a range of variation of PDFs consistent with cur-with A; , being physically associated with smallRegge
rent data. We give quantitative information on how thesebehavior and large- valence counting rules, respectively,
distributions compare to the data sets used in the analysis. Bnd P(x;A3, .. .) being a suitably chosen smooth function
addition, we provide a new set of PDFs with a low initial depending on one or more parameters. In general, both the
Q%zO.S GeV?; and we discuss the previously obtained number of free parameters and the functional form can have

gluon distributions designed to accommodate the Egjets ~ an influence on the global fit. In the CTEQ3 analy4ig], an

[6] in the context of the CTEQ4 analysis. effort was made to minimize the number of free parameters,
resulting in an economical set whereld$=A3* and
Il. ISSUES ON THE DETERMINATION Pcread X;Ag) =1+ Agx. We shall refer to this choice as the
OF THE GLUON DISTRIBUTION minimal setin the following discussions. In the literature,

more degrees of freedom have been assigne@(taQy).

In PQCD, the gluon distribution function is always ac- For instance, in CTEQZ213] and in recent MRS fit$17],
companied by a factor of the strong couplifi@., it appears  AS is allowed to vary independently ¢ and the func-
as asG(x,Q)], both in the hard cross sections and in thetion P contains one more free parameter thBareos:
evolution equation for the parton distributions. Thus, the dePCTEQZ(X;A3!A4): 1+ Agx 4 Pyrs(X:Ag,AL) =1 +A3%
termination of a5 and G(x,Q) is in general a strongly 1 A,x. Since two extra degrees of freedom are added, we
coupled problem. In principlegs can be independently ex- shall refer to this class of parametrization as{2) — i.e.,
tracted frome+97 CO|||S|0nS, or in sum rule measurements minimal p|us two The more genera] parametrization C|ear|y
in deep inelastic Scatterin@(X,Q) can then be determined allows a wider range of variation @(X,QO)_ Some perti-
in a global analysis, along with the quark distributions nent questions are whether these general parametrizations are
f'(x,Q), by treatingas as known. Alternatively, one can try required by current data, and if these parametrizations give a
to determinexs, G(x,Q) and the quark distributions at once good indication of the range of variation &f(x,Q,). We
in a global analysis. This relies on the fuk,Q) dependence shall investigate these questions in some detail in the next
of the wide range of data to differentiaég (which controls  two sections.
the overallQ-dependence of all quantitiefrom the parton Finally, although the PDFs determined from global analy-
distributions(which depend on botk andQ). This method  sis should, in principle, be universal, they could, in practice,
is not as “clean” as the first approach, and it will not be- depend on the choice of data sets, in particular, on the choice
come precise until the global analysis system has becomsr “ Q. values that specify the minimum hard physical
better constrained. Eventually, however, it is important toscale Q1Pt1 . ) required for data points in the various
demonstrate that the same valueagfconsistently describes physical processes to be included in the fit. If the NLO QCD
all the processes included in the global analysis. Hence, thgeory is truly applicable in the kinematic range of the data,

two approaches are indeed complementary. the parton distributions should be insensitive to the value of
It is well known that, at present, the value af deter- Q. Since current theory does not predict what vaig,
mined at high energy colliders, especially the CEBNe™  should take for each process, this point has to be investigated

collider LEP, is generally higher than that obtained fromphenomenologically.
analyses of fixed-target DIS dafd4]. Since global QCD
analyses have been dominated up until now by the copious
high statistics DIS data, they favor valuesaf close to the
lower “DIS value.” This situation may change when more

IIl. 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-
A similar analysis was carried out earlif8], focusing on the tion (NMC) [18] and DESYep collider HERA[19,2Q, as
interpretation of the “highp, excess” seen in the Collider Detector well as new data from E66%R1], have become available. In
at Fermilab(CDF) jet measuremerit7]. See Sec. VI for a discus- comparing the new data with NLO QCB, computed from
sion of the relation of6] to the current analysis. CTEQ3M distributions, we find general agreement, except
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for the smallx region where the more precise recent datacurves are normalized by the function *3(1—x)3, which
show deviations from the theory curves. This is shown intakes out most of the singuldérapidly vanishing factors at
Fig. 1 for the NMC and H1 data sets, respectiveBhus, we  small (large) x. The scale for the abscissa is chosen to be a
first update the CTEQ3 analysis under several different confunction of x, which smoothly interpolates between jot
ditions, in order to study the impact of these new DIS data orsmall x) andx (at largex) so that the behavior d&(x,Q)
the global analysis of parton distributions, especially the exover the fullx range is more evenly displayed. We see that
traction of the gluon distribution. all of the features seen in the three plots of Fig. 2 are evident
The magnitude of the uncertainty {B(x,Q,) due to the in this single figure. This will be the format of choice in most
current uncertainty o, will be investigated by systemati- subsequent comparisons.
cally varying the value of oy over the interval We see in Fig. 3 that, in the regio>0.05 where the
0.105< ¢4<<0.122, as mentioned in the previous section. Welargest concentration of data used for the fit lie, increasing
shall use the shorthang, for ag(M) throughout. In terms values of o lead to decreasing values @&(x,Q) — as
of QCD Lambdavalues, this range ofrs corresponds to expected(particularly for the direct photon datasince the
1OO<AE"_S< 280 (MeV) and 155{/\2"_S<395 (MeV). We  product of the two enters into most cross-section and evolu-
shall in general use thelS scheme in NLO QCD. tipn kernel formula§.As_noteq beforg, in the'C_TEQ3 analy—
To provide a base line for comparison, we first obtain aSiS: and therefore in this series of fits, the initial gluon dis-
series of such fits under identical conditions and using thdfibution function is parametrizemhinimally as
same data setse., pre-1995as in the CTEQ3 analysj43].
We shall refer to this as the A-serié8y definition, the best G(X,Qo) =Ax*1(1—x)"2(1+Azx), 2
fit in this series is the published CTEQ3M fit with
as=0.112 (Ag"sz 158 MeV). A comparison of the gluon with A; set to be the same as that of the sea quarks. Hence
distributions that correspond to these valuesxgfare pre- there are three free gluon parametekgy, 3, in the fit. For
sented in Fig. 2. In order to render the differences in theesacha, we found the best solution to be quite stable against
various regions ok visible over the range I#<x<1, part  perturbations in the fitting procedure and starting parameters,
(@ highlights the smalk region by plotting xG(x,Q) indicating the parametrization and the experimental con-
against log, part (b) accentuates the medium+ange by straints are well matched. This also results in an orderly
plotting x>G(x,Q) vs logx,* and part(c) emphasizes large- variation ofG(x,Q) asas is varied, as seen in the figure. If
x by plotting xX>G(x,Q) vs x. For the many detailed com- one takes the range of; used here as representing the cur-
parisons to follow, these separate plots, though conventionalent uncertainty onrg, then the spread of the gluon distri-
will prove to be rather cumbersome. We consolidate thenbution shown in Fig. 3 gives the corresponding uncertainty
into one single, less conventional plot in Fig. 3 in which all on G(x,Q) (based on the data available prior to 1995, and on
the variation ofa along. We should mention that, although
quark distributions are allowed to vary freely, the valence
%Resullts are similar for E665 and ZEUS. Comparison with the fullquark distributions remain practically the same for all of the
data sets will be presented later; cf. Fig. 13. fits in this series, because they are very much pinned down
3This series of fits were originally obtained in 1994. They haveby the precision DIS data in the region where they dominate
been used in various phenomenological studies related to gluothe structure functions. On the other hand, the sea quark
distributions andr determination conducted by CTEQ, CDF, and distributions couple td5(x,Q); thus, they do show a sys-
DO Collaborations. They have not been formally published.
“Note that, since?G(x)dInx=xG(x)dx= momentum fraction car-
ried within dx, each curve in this plot directly depicts the distribu- 5The order is reversed for smal) because of the momentum sum
tion of the momentum fraction carried by the gluon for that set. rule.
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FIG. 3. Series-A gluon distributions normalized by the function
x~3%1—x)3 in order to display clearly the behavior &(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.

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 th&t, data are only sensitive to
quarks, not gluons. However, we must realize that, first, in
the smallx 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 constrainA$=A3*2, which strongly couples the be-
havior of G(x,Q)at smallx to that of sea quarks. Thus, the
much better determine®(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
belowx=0.1, 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 above=0.5 is very small(about
102 compared to its value at=0.1); thus the significance

of the observed differences should not be overemphasized.

FIG. 2. Series-A gluon distributions in the small-, medium-, and
largex regions. A.105 refers to the gluon associated with
as(Mz)=0.105, and likewise for the other ones.

tematic variation witha, 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 F, 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 fitmieasured irny? 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{<0.01)
region has been practically eliminated. This is precisely the
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region covered by the HERA experiments. In addition, the FIG. 4. Series-B gluon distributions normalized by the function
new gluons are shifted down from those of the A-series ik %%1—x)3. (Cf. caption of Figs. 2 and 3 for explanatipn.
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TABLE I. Several series of global fits on which the physics

....... Q=5GeV discussions are based. “New DIS data” refers to those becoming

available since 1995. Minimal parametrizatiom" refers to Eq.

(2), and “m+2" refers to Eq.(3). The last column refers to the

0.6 Y

5 section number where the specific series is discussed.
X
o . .
: New Inclusive Section
X or '/’ - - =-C.105 Series DIS data jetdata  Parametrization discussed
= BT e €110
- . e C.113
x 02 ——e C.116 A m m
- —e== G119 B X m I, v
—————— c.122
CTEQ3M C X m+2 1]
CTEQ4A X m+2 \
0 + .
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FIG. 5. Series-C gluon distributions normalized by the function
x~15(1—x)3. (Cf. caption of Figs. 2 and 3 for explanatipn. other words, the system becomes somewhat under-

constrained with the two extra parameters introduced.
The minimal parametrization fo6(x,Q,) used above These observations point to the need for more experimen-

was originally chosen in the CTEQ3 analysis for its econom)}al input in order to measure better the gluon 'd'istribution. We
— all data sets included in these global analyses can paeed new data to determine whether the additional degrees of

reasonably well fitted with this form. This does not prove freedom associated with andAg are required for the true
that the true gluon distribution must fall within the range gluon or whether the restricted form used in series B is al-
shown above; in particu|ar, the tr@(X,QO) may be more ready sufficient. |fA? and AE are requirEd, these new data
complicated than can be represented by this parametrizatiofould help to stabilize the fits found in the C-series and
(For instance, all global analyses find it necessary to use origence shed light on the possible rangeGti,Q) allowed.
more parameter to describe the valence quasly experi- ~ From the discussion given in the introduction, it is clear that
ments probingG(x,Q) in a different way can tell whether inclusive jet production data could be used to help resolve
our results so far are adequate. Before turning to such addihese issues, as we will show in the next section. To con-
tional input, we can obtain a different estimate of the uncerclude this section, Table | summarizes the above described
tainty on the gluon distribution that is complementary to thethree series of global fits, as well as those including jet data
width of the “band” shown in Figs. 3 and 4. We adopt the to be discussed next.

more general “(+2)” parametrization ofG(x,Q,) al-

ready used in CTEQ2: IV. COMPARISON WITH NEW INCLUSIVE JETS
CROSS SECTION
G(x,Qo) =AoX"1(1—x)"2(1+Agx ). () . : : o :
For studying the impact of inclusive jet production cross

section, we use the recent measuremerd@fd E; from the
CDF [7] and DO[8] Collaborations. The preliminary data

. ) i . . __obtained in run IB of the Fermilab Tevatron by the two ex-
free. This results in a new series of fits, called the C-series

With two more free parameters than in the B-series On(%)eriments are shown in Fig. 6. Although data are available
ore Iree p ; T > ' Oor 15 GeV<E,<450 GeV, we will include in our NLO
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, the? for the fits decreased 102 £

In addition to introducing the new paramefey compared to
Eqg. 2, the parameteh, is untied fromA$**and treated as

slightly [by about 10(/1000 points.] compared to the corre- ’ + CDF Proliminany) E
sponding ones in the B-series. The gluon distributions at 10! s+ DO (Preliminax)
Q=5 GeV in this series for 6 values af; is shown in Fig. 100 F .,
5. First, we see that the range of variationG(x,Q) in this L ‘g ]
series is much wider as compared to that of series B, al- . F \,_% 3
though both include the same improved DIS data. In particu- ¥ 102 | .,
lar, in the smallix region, the very narrow range in series Bis © 10 i e, E
very much opened up by the freeing of the parameter for A . E
the gluon; since nowg(x,Q) and a,G(x,Q) can vary inde- 10 E o 3
pendently, the measureld, (which depends on bothno ws b =
longer constrains each piece tightly as in the B-series. Sec- % }i
ond, we note that the gluon distribution does not vary ina  10°"*———————"——————————
systematic manner as tlag value is varied, in contrast to the E, (GeV)

well constrained case in series A and B. Further study has

indicated that, unlike in the other cases, small changes in the FIG. 6. Inclusive jet cross-section measured by the CDF and DO
fitting process can lead to different solutions for some valuesgollaborations in Run-IB at the Tevatron(Averaged over

of a5. This suggests that the fits are not entirely stable, or, i.1<|#|<0.7 in the case of CDF arldy| <0.5 in the case of DJ.
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paring inclusive jet data with
NLO QCD theory:(a) Fractional
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---------------------------------------- 1 (for the CDF rapidity coverage
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QCD analysis only databove50 GeV because there are a E; range, especially when considering the quoted systematic
number of potential theoretical and experimental problemsincertainties(not shown. See Ref.[23] for more discus-
that may affect the proper comparison between NLO QCBDsions. We will discuss the experimental systematic uncer-
theory and data for loweE,. These includgl) scale uncer- tainties in the proper context of the “range” of gluon distri-
tainty of NLO QCD calculations, which becomes non- butions later in this paper. The rise of the data points at high
negligible at lowE; [cf. Fig. 7@]; (2) ambiguities in the E, values over the CTEQ3M expectation, more noticeable
definition of the “underlying event” coming from the for the CDF points, has been the subject of much recent
proton-antiproton remnanfsf. Fig. 7(b)]; (3) possible prob- discussion and speculatidi?,6,24. We will comment on
lems in the match between theoretical and experimental jehis issue in the context of the global analysis conducted in
definitions, such as fragmentation products outside the jehis paper in a later section.
cone;(4) k; broadening of the initial state partop; and(5) Since most inclusive jet data are collected in the central
nonperturbative corrections to the theory, which could be ofapidity region, thex-value of the PDFs probed is around
order 1E, rather than B? [22]. All of these affect lowE,  x,=2E,/\/s. For 50 GeV<E,<450 GeV, thex range is
jets much more than high; jets, as will be illustrated by two approximately 0.06—0.5. Over this range, the relative impor-
examples, one theoretical and one experimental. Fig@e 7 tance of the three parton subprocesses — quark-quark,
shows the scale dependence of the NLO QCD calculation aguark-gluon, and gluon-gluon — shifts continuously from
a function ofE; : the theoretical inclusive jet cross section is being gluon-dominated to quark-dominated, as illustrated in
shown for several choices of the renormalization and factorFig. 9. We should also keep in mind that these jet data probe
ization scale ft=ur=ug) normalized to our standard hadron structure at much higher momentum scales than
choiceu= E/2.° For low E,, the ratio becomes large and fixed-target experiments. Due to the nature of the QCD evo-
unstable; above 50-75 GeV, the different choices are withifution equation, parton distributions at these high momentum
10% and stay relatively constant—they amount to shifts inscales are determined by those at lower scales and higher
the overall normalization of the cross section. Figutb)7 values. Thus the effective range in G(x,Q,) for some
shows the percentage effect on the inclusive jet cross sectid@g, €.9., 1.6 GeV, used in our analysis, probed by these jet
in the CDF experiment due toa30% change in the under-
lying event correction(in run |A). Again, the uncertainty
becomes large below 50-75 GeV. N o
To emphasize the quantitative aspects of the subsequent 5 ggﬁ?g?gnminary)-ms .
analysis, the measured steeply fallidg/dE; is normalized I A DO (Preliminary) * 1.01 {
to the NLO QCD theoretical expectation using the CTEQ3M I
parton distributiongsolid horizontal ling and displayed in
Fig. 8 on a linear plotwith 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<| 5| <0.7 for CDF vs| 5|<0.5 for DO by normalizing
each data set with respect to the theory values computed with
the corresponding; range. In addition, we have allowed a I
small overall normalization of the two data sets, well within 05 -
the quoted uncertainties, for this comparison. This figure 50 100
shows that the two data sets agree quite well over the entire

05 - -

(Data - Theory)/ Theory

200 300 400
E; (GeV)
FIG. 8. Inclusive jet cross-section measured by the CDF and DO
collaborations in Run-IB at the Tevatron normalized to NLO QCD

5The theoretical calculations of jet cross section in this paper arealculations based on CTEQ3M PDFs. The difference in rapidity
carried out using the EKS progral]. coverage of the two experiments is taken into account.
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0.2 “ FIG. 10. Inclusive jet cross-section of CDF and DO compared to

NLO QCD calculations based on the new B-series parton distribu-

tions.
0 C v v by by sy by T 1
° 100 200 300 400 500 nitude of variation of the cross sectiéRig. 6), this is quite
Jet Et (GeV) remarkable. Within the minimal parametrization of the gluon

used by the B-series, the parton distributions narrowed down
FIG. 9. Relative contribution to the inclusive jet cross-section by recent precise DIS dataee previous sectipmreremark-
due to the various partonic subprocesses. ably consistentith the new high statistics inclusive hadron-
hadron jet data. We also found that the more generally pa-
data extends to much higher values than the nominal valuaametrized C-series PDFs give qualitatively similar
mentioned above. Since the quark distributions throughoupredictions for jet cross sections compared to the B-series
this range are very well pinned down by DIS experimentsdisplayed in Fig. 10; hence, they will not be separately
one expects the jet data to be particularly useful in constrainshown.
ing the gluon distribution. The value ef; has considerable The important questions at this point are the followitiy:
influence on the gluon determination for several reasonsAt a more quantitative level, how can these parton distribu-
First, the cross section for medium is proportional to tions be improved by including the jet data in the analysis
agG“(x,Q) (n=2,1,0), so that as ag increases, from the beginning3ii) Will the addition of the jet data
G(x,Q)will decrease. Secondy controls the rate of evolu- reduce the variation o&(x,Q) when we use the more gen-
tion of G(x,Q), and hence affects the slope of the gluoneral (m+2) parametrization?
distribution for given measured jet cross sections. Third,
ag(p) itself depends onx through u=E/2=x\s/4 (at
7=0), so that the rate of variation af (controlled by its
strength is coupled to thex-dependence o6(x,Q) in the To answer these questions, we have performed an exten-
cross-section formula. sive study of the interplay of the inclusive jet data with the
We now apply the results obtained in Sec. Il to these jethigh-precision DIS and other data within the CTEQ QCD
data to see how the latter agree with the predictions of perglobal analysis program. The complete set of processes and
turbative QCD using these new parton distributions deterexperiments used is given in Table Il. To display explicitly
mined by the other processes. Figure 10 compares thine wide coverage of these experiments over the kinematical
predictions of the PDFs from the B-serigeghich incorporate variables, we show in Fig. 11 a map of the Q) plane with
the most recent DIS data and use the minimal parameters fohe data range of the various experiments. We see the greatly
the gluon with the jet data, using the same expanded kinematic coverage compared to a few years ago
“ (Data - Theory /Theory” format as Fig. 8. We use the set in the direction of smalk due to the HERA experiments, and
with as(Mz)=0.116 as the “Theory"(horizontal solid ling¢  in the highQ direction due to the Fermilab Tevatron inclu-
against which the data points, as well as the predictions dfive jet experiment$.As before, all processes are treated
the other fits with differentrg values in the series, are dis- consistently to NLO accuracy in PQCD. This new round of
played in this plot. To make these comparisons, we allow amglobal analysis will be referred to as the CTEQ4 analysis.
overall relative normalization between theory and dafae Building upon studies described in the previous sections,
normalization factor for the CDF or DO data set ranges fromwe explored all the issues described in Sec. I, now with jet
0.94/0.92 to 1.08/1.06 fors=0.110 to 0.12225]. The nor-  data also playing a role. Although the quark distributions are
malization uncertainties quoted by the CDF and DO experi-
ments are around 5%. Considering the seven orders of mag———
8Since these experiments are the only ones in the respective kine-
matic region, new information on parton distributions extracted
’Such a renormalization, within errors, is usually allowed in glo- from these data provide challenges to QCD theory for future com-
bal fitting. parison with independent measurements based on other processes.

V. NEW CTEQ PARTON DISTRIBUTION SETS — CTEQ4
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TABLE II. List of processes and experiments used in the global TABLE IIl. List of new CTEQ4 parton distributions and their

analysis. characteristics.
Process Experiment Measurable Data points Ref.PDF set Description ag(my) Q5(GeV?)
DIS BCDMS Fou.Fop 324 [26] Standard sets
NMC FouFso Fomp 297 [18] CTEQ4M MS scheme 0.116 2.56
E665 F&u.F5p 70 [21] CTEQ4D DIS scheme 0.116 2.56
H1 FSu 172 [19] CTEQA4L Leading order 0.132 2.56
ZEUS FSy 179 [20]
CCFR Fre:XF3 e 126 [27] as series
Drell-Yan E605 sda/d\rdy 119 [28] CTEQ4Al 1 0.110 2.56
NA-51 Apy 1 [29] CTEQ4A2 2 0.113 2.56
W production CDF Lepton asymmetry 9 [30] CTEQ4A3 Same as CTEQ4M 0.116 2.56
Direct y WA70 Ed3a/d%p 8 [3] CTEQ4A4 4 0.119 2.56
UA6 Ed®e/d%p 16 [31] CTEQ4A5 5 0.122 2.56
Inclusive jet CDF do/dE; 36 [7]
DO do/dE; 26 [8] Specials
CTEQ4HJ “Hi-jet” 0.116 2.56
CTEQ4LQ “Low Qg 0.114 0.49

coupled toG(x,Q) and ag, 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 d&(x,Q) due to uncertainties e first present the standard fit in tMS scheme which

in ag and the parametrization of the nonperturbative initialwe will designate as the CTEQ4M set of parton distributions.
distribution. (We have also looked into the influence due toThe ag(m;) value for this set is 0.116, corresponding to
the choice of ‘Qc,” which will be described in the Appen- second order s=0.202 orA ,=0.296 GeV. This set gives
dix). Since the results from Sec. IV indicate that it is possibleexcellent fit to all data sets. The totgf for 1297 DIS and

to obtain good fits to all the data using the minimal param-DY data points is 1320. Detailed information on th&s for
etrization of the gluon distribution even without taking into the various experiments, in Comparison to those obtained us-
account the experimental systematic errors on the inclusivihg other current and previous generations of parton distri-
jet data, we anticipate the most important role of the latter irbutions are presented in Tables IV and V, respectively. The
the new analysis is to constrain the possible range ofjirect photon and jet data sets are not included inytheble
G(x,Q). Hence, we shall use the more genemaH(2) pa-  since, without including the sizable theoretical uncertainties
rametrization which allows a wider range of variation of for the forme? and experimental systematic errors for the
G(x,Q). We shall not include the correlated systematic un-atter, the significance of sugif values would be difficult to
certainties on the jet data since they are not crucial for th@valuate. The comparison of the CDF and DO jet data to the
present purposes. This point will come up again later. More

discussions on the experimental systematic uncertainties can

A. Standard CTEQ4M parton distributions

be found in the Appendix. T T
The new generation of CTEQ4 parton distributions are S CTEaM
summarized in Table lIl. They will be described in turn in o R Do Fromme o0
the following. ] i
£ 05 i
£t ]
= ]
T T T T T L ] 8 | A |
£
Z E:ESR(Xxed target} _Tg o i 3 ;g%ﬁli A
v DY « £ k i 2 ﬂ E %Bb
° W-asymmetry Q i
o Direct-y ]
4 Jets
Bl 00 200 300 400
§ R | E, (GeV)
§2424244, ] o .
g g g g ggg s ] FIG. 12. Inclusive jet cross-section of CDF and DO compared to
a,a88584 54 §§§§§§25 NLO QCD calculations based on the new CTEQ4M parton distri-
ARes butions.
10° 10%

FIG. 11. Kinematic map in thex(Q) plane of data points used  °See the introduction and Refs,6] for discussions on these un-
in the current global analysis. certainties.
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TABLE IV. Total x? values and their distribution among the DIS and DY experiments for current
generation of parton distributions which take into account the most recent HES¥9 and NMC (1995
data. In parentheses are th&point values.

No. of
Expt. points CTEQ4M CTEQ4HJ CTEQ4LQ MRSJ
BCDMSH 168 144.80.86 173.01.03 139.40.83 183.11.09
BCDMSP 156 185.61.19 205.91.32 182.51.17 229.31.47)
NMCH 104 97.30.949 91.70.88 96.00.92 113.41.09
NMCP 104 93.30.90 90.20.87) 97.90.94 122.71.18
NMCg 89 130.81.47) 133.51.50 132.61.49 142.41.60
E665" 35 41.31.18 38.51.10 44.51.27 37.91.08
E665° 35 32.30.92 33.50.96 34.30.98 29.80.89
CCFRR 63 83.21.32 72.41.15 74.31.18 107.11.70)
CCFRR 63 46.50.749 45.50.72 49.90.79 57.80.92
ZEUS 179 243.41.36 232.11.30 268.51.50 252.41.4))
H1 172 118.90.69 120.20.70 131.90.77) 109.60.64)
CDFAy 9 4.30.48 3.4(0.38 3.80.42 3.30.37
NA51 1 0.60.63 0.50.49 0.4(0.4)1 2.52.47)
E605 119 97.70.82 101.60.8H 100.40.84) 97.80.82
Total 1297 1320 1343 1356 1490

NLO QCD inclusive jet cross section calculated with thetion of parton distributions, as a comparison to Table V
CTEQA4M distributions is shown in Fig. 12. The comparisonmakes clear. Most of the difference is caused by the new
of the recent NMC, H1, and ZEUS data sets to the fit isprecision data from the HERA experiments. Figure 12 shows
shown in Fig. 13. good general agreement of CTEQ4M with the jet data, while
From Table IV, we see that the CTEQ4M PDF set has theéhe much discussed “higk; excess” is still noticeable. We

best overall quantitative agreement between NLO QCDwill return to this issue in Sec. VI where an alternative “high
theory and global data on high energy scattering. It also repE; jet-fit” CTEQ4HJ (included in Table IV will be dis-
resents a significant improvement over the previous generaussed. Figure 13 explicitly shows the improvement of

TABLE V. Total 2 values and their distribution among the DIS and DY experiments for the previous
generation of parton distributions which includes experimental data available in (MRSA") or before
1995 (CTEQ3M, MRSA. Gluck, Reya, and Vog(GRYV) do not perform a full global fit and they use a
different scheme to compute the charm contributiorF§o Since it is used widely, it is included here for
reference only. In parantheses are {fépoint values.

No. of

Expt. points MRSA CTEQ3M MRSA GRV

BCDMSH 168 156.90.93 128.710.77) 168.01.00 250.31.49
BCDMSP 156 213.711.39) 190.31.22 215.31.38 187.21.20
NMmcCH 104 129.01.24 146.61.41) 114.41.10 123.81.19
NMCP 104 151.81.46 137.31.32 135.21.30 115.41.11)
NMCg 89 143.31.61) 134.41.5)) 140.61.58 129.01.45
E665! 35 38.21.09 47.61.36 37.81.08 39.91.19
E665° 35 29.10.83 44.51.27) 29.50.89 29.80.85
CCFRR 63 68.01.08 66.21.05 68.71.09 164.42.61)
CCFRK 63 54.10.89 41.90.67) 61.70.98 114.11.82
ZEUS 179 368.12.06 549.53.07) 1222.66.83 843.14.7)
H1 172 149.%0.87) 220.41.28 407.62.37) 404.22.39H
CDFAy 9 4.20.47) 3.000.33 3.700.4) 9.6(1.07
NA51 1 0.10.08 0.4(0.42 0.01(0.01) 0.01(0.01
E605 119 93.8.79 92.60.78 95.90.8) 90.30.76

Total 1297 1600 1803 2701 2502
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FIG. 13. Comparison of} data from NMC, H1 and ZEUS to NLO QCD calculations based on CTEQ3M

improvement in the smak-region is evident.

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 a&,=1.6 GeV (which coin-
cides with our choice of the charm thresholdere, we only
note that the A;,A,) parametergcf. Egs. 1 and 2 of the

gluon and
(—1.14,8.04), respectively.

the sea quarks are—1.21,4.67)

and

1 —

CTEQ4A1
CTEQ4A2

05T - CTEQ4A4
I —mmee CTEQ4AS

(Data - Theory) / Theory

[+] CDF (Preliminary) * 1.01
A DO (Preliminary) * 0.99

CTEQ4M (Theory) i

2(I)0
Ey (GeV)

and CTEQ4M. The

B. CTEQ4A-series of parton distributions
with varying ag and G(x,Q)

In exploring the range of variation of allowesl(x,Q) by
varying the values o#g, changing the number of parameters
for the gluon, and altering th@_,,; of data selection, we have
found the largest effect is due to the varyingaqf. Hence, in
presenting a series of PDFs which gives a reasonable repre-
sentation of the range of possibilities, we use those generated
with an a4 range centered around the CTEQ4M value of

06 Q=5GeV

<
IS

a(mg)
CTEQSM (112)
- - - - CTEQ4A1 (110)

x* G(x,Q)/ x5/ (1-x) 2

L CTEQ4A2 (113)
CTEQ4M (.116)
- CTEQ4A4 (.119)
=== CTEQ4AS5 (.122)
0 } } } t } t —t—
107 108 102 107 2 3 4 5 6.7,

FIG. 14. Inclusive jet cross-section of CDF and DO compared to
NLO QCD calculations based on the new CTEQA4A series of parton FIG. 15. Series-CTEQA4A gluon distributions normalized by the

distributions.

functionx~15(1—x)3.
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and CTEQ4M gluons appear to lie on top of each other. The same
is true for the CTEQ4Al1 and MRSJ gluons. Differences in
G(x,Q) for x>0.01 are not evident in this plot.

Jet Et (GeV)

FIG. 16. Percentage range of variation of the inclusive jet cross
section from the two extreme CTEQ4A PDF sé&TEQ4Al1 and
CTEQA4AS compared to the largest of ttig dependent systematic yalues ofa within the range explored. We found, indeed,
uncertainties. that for each value ofs, the solution ofG(x,Q) is rather

unigue against perturbations in the fitting procedure.
0.116, which is close to the current world averagé]. This One concern is that the variation in the CTEQ4A series is
series will be designated as CTEQ4A-serigshorthand too small due to the lack of treatment of systematic uncer-
for CTEQ4Alpha—CTEQ4A} ... ,CTEQA4A5, with  tainties in the jet data. To address this issue, we compare the
CTEQA4A3 being the same as CTEQ4M. Tké per point  change in the calculated jet cross sections between the ex-
values for the 1297 nonjet data points aretremes of the CTEQ4A series to the larg&stdependent
(1.07,1.02,1.02,1.07,1.19respectively. The higheg? val-  uncertainty in the CDF datésee Fig. 16 It shows that the
ues at low values ofr; mainly come from the HERA DIS range of variation in the CTEQA4A series is about 10% in the
experiments; the highey? values at high values ok, are  moderateE; range, while the experimental systematic uncer-
mainly due to the fixed-target DIS experimerigs]. The tainty is about the sami@.This observation lends some con-
difference iny? above minimum, especially for the highest fidence that this series gives a reasonable estimate of the
value ofag, is larger than in previous CTEQ analydesy., range of variation oiG(x,Q). To the extent that there are
CTEQ2ML vs CTEQ2M due to the sharply reduced errors sources of uncertainty other thamg, the variation in
in recent DIS data. However, the difference is comparable t&(x,Q) given here may be considered a minimum range.
that between the MRSJ and CTEQ4js (cf. Table IV). However, our study does indicate that the variation due to
Because correlations in the experimental errors are not avaithe uncertainty oix; may be the dominant one.
able for all experiments, they have not been included in cur- Figure 17 shows a comparison of some of the new gluon
rent global analyses, and since theoretical uncertainties amnd singlet quark distributions with those of CTEQ3M and
even harder to quantify, pragmatically, we take thgselif- MRSJ in the usual fornxf(x,Q) without the normalization
ferences as being acceptable for present purposes. factor as in previous figures. On this conventional plot, dif-

Figure 14 shows the comparison of the CTEQ4A partorferences inG(x,Q) can be seen only in the smallregion,
distribution sets with the two jet data sets, using CTEQ4M asand the CTEQ3M and CTEQ4M gluons appear to be indis-
the common calibration. The overall normalization factor ontinguishable. Differences in the singlet quark distribution are
the jet data sets applied to the various fits range from 0.9é1ore evident neax=0.01. The fact that only small changes
(for CTEQ4Al on DO pointsto 1.02 (for CTEQ4A5 on in the parton distributions result from adding so much new
CDF pointg, well within the experimental uncertainty of data in the global analysis is testament to the impressive
~5%. Comparing this to Fig. 10 and the range of normal-progress in pinning down these parton distributions that has
ization factors needed the(8.92—1.08, which is wider than been made in recent years. These changes, though small, are
the experimental errgrwe see the expected improvement of nonetheless physically significant, as demonstrated by the
the agreement with the jet data. substantial differences ig? values between the new and old

The gluon distributions associated with the various values
of ag in this series are shown in Fig. 15. Comparing the
CTEQA4A-series to the C-seridshe same parametrization °0f course, given the good agreement between the two Tevatron
form for G(x,Qg) ], we see that the constraining influence of experimentg23], if the CDF jet data requires a significant change
the jet data has a rather dramatic effect. The unstable behasiue to a systematic error, the DO data would require the same
ior of the various curves observed in the C-series has beethange, an unlikely occurrence since there is almost no correlation
replaced by an orderly variation as one steps through tha the two experimental measurements.
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FIG. 18. Comparison of} data in the low® 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.

parton distribution sets on the precision experiments given i best fit. Nevertheless, the resulting structure funckgn

Tables IV and V. computed from the CTEQ4LQ parton distribution set, ne-
glecting higher twist effects, turns out to agree fairly well
C. Other CTEQ4 parton distributions with that measured by the NMC, E665, and H1 collabora-

Along with the standard CTEQ4NVI_S parton distribu- tions in the range 1@Q<3'0 GeV, as ShO\.Nn.m '.:'g' 18.
tions, we have obtained corresponding parton distributions ihé\lsp sh.own are predmyons from the GRV distributidise]
the “DIS scheme”—CTEQ4D. CTEQ4D uses the sameW_h'C_h f|rst drew attgntlon to the u_sefuln_ess of these @w
value of ag (=0.116) as CTEQA4M:; it is obtained by fitting distributions. The |mprovemept is notmgablé:ompare
under identical conditions as CTEQ4M except that the hard ables IV and V for quantitative comparisots. The Qo
cross sections are evaluated in the DIS scheme.yfheal-  Used in the CTEQALQ set is somewhat higher than that of
ues of this fit are comparable to those of CTEQ4M. ForGRV. (Qo was determined by fitting data in the GRV ap-
applications requiring leading order calculations, we alsdProach) The parameters for the initial distributions@ for
provide an appropriate parton distribution set labelledthe CTEQALQ set are given in the Appendix along with the
CTEQA4L, which is obtained from the best fit to the sameother standard sets. Notice that tAg coefficients, which
data sets, using leading order hard cross sections for all theppear in the factac®s, are all positive; hence the gluon and
processes. The parameters for the initial distributions athe sea quark distributions &= Q, fall asx—0, as for the
Qo=1.6 GeV for these three standard sets of CTEQ4 distrivalence distribution$’ This type of behavior, first found by
butions are given in the Appendix. GRV, is a necessary consequence of the strong QCD evolu-

There has been much interest in comparing QCD with theion in the low Q region, together with experimental con-
copious data available & values below our choice of straints from the measured smalbehavior ofF, at moder-
Q3=2.56 Ge\f. Thus, for applications requiring a low ateQ which require the effectivé\; at Q?=3 Ge\? to be
value of the scal&®, we provide a parton distribution set, ~(—0.3).
CTEQ4LQ, in which the initial scale is set at The rather remarkably consistent picture resulting from
Q?):O.49 Ge\f. This scale is chosen to be small enough tothis round of CTEQ4 global analysis incorporating jet data
make these distributions useful for lo@-data, yet high
enough to be within the momentum range at which perturba=—
tive evolution is, in our judgement, sensible. CTEQ4LQ is !'Note added in proofPart of the difference is attributable to the
obtained from a NLO fit to the same data used in the othedifferent ways the charm contribution #, is evaluated. This is
PDF sets, including the same kinematic cuts. In particularsignificant for the HERA data. The numbers given in Table V apply
measured structure functiors, for Q<2 GeV were not using the conventional scheme employed by current CTEQ and
used, since the proper treatment of I&vdata will need MRS groups. We thank A. Vogt for pointing this out.
higher twist effects that are not included in the formulas used ¥ or this fit, theA,; coefficients for the gluon and the sea and
in our fits. valence quarks are treated as independent; they all come out to be

In this way, CTEQ4LQ represents an extrapolation of therather different. These values are strongly dependent on the value of
twist-2 parton distributions into the Io® region rather than Qg used.
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1 — . , : TABLE VI. Parameters for the CTEQ4M initial parton distribu-
i CTEQH) * tions at Qu=1.6 GeV. Also, ag(m,)=0.116, corresponding to
©  CDF (Preliminary) * 1.01 ] As5=202 MeV.
> A DO (Preliminary) * 0.98
E Parton A, A, A, A; A, % Momentum
25 xd, 0.640 0.501 4.247 2.690 0.333 11.2
§ XU, 1.344 0501 3.689 6.402 0.873 30.6
P Xg 1.123 —-0.206 4.673 4.269 1.508 41.7
8 x(d=u) 0.071 0.501 8.041 0.000 30.000 —
x(d+u) 0.255 —0.143 8.041 6.112 1.000 13.2
XS 0.064 —0.143 8.041 6.112 1.000 33
0.5 .

300 400

50 100

E(GeV) -
bative functionG(x,Q;), which restricts its behavior in the
FIG. 19. Inclusive jet cross-section of CDF and DO compared tdargex region. This possibility, first raised in Ré6], will be
NLO QCD calculations based on the CTEQ4HJ parton distribu-discussed next in the context of the CTEQ4 analysis pre-
tions. sented above.

from hadron collisions provides a new generation of im- v HiGH E, JETS AND PARTON DISTRIBUTIONS
proved parton distributions for making calculations and pre-
dictions on high energy processes both within and beyond The higher-than-expected inclusive jet cross sections, first
the standard model. The more tightly constrained parton disneasured by the CDF collaborati¢i] for E;>200 GeV,
tributions can also lay the foundation for more stringent testgvere observed in comparison to the existing parton distribu-
of the PQCD framework and provide the basis for discerningion sets, including CTEQ3M as shown in Fig. 8. This “ex-
signals of new physics. cess” is reduced slightly when jet data are included in the
At present, a remaining area of some uncertainty is th@lobal fit, but is still noticeable in Figs. 12 and 14 for the
gluon distribution in the “largex” region, beyond approxi- CTEQA4A series of distributions. This is understandable since
mately 0.25, where neither the DIS nor the direct photorthe highE, data points have large errors, so they do not carry
data give tight constraints. For the DIS process, the sensitivnuch statistical weight in the fitting process, and the simple
ity to the gluon begins below=0.1. For the direct photon (unsigned x? is not sensitive to the observed pattern that all
process there are a number of theoretical uncertainties whidiie points are higher than the theoretical prediction in the
are not yet under control, as already discussed in the intrdarge E; region. Referencg6] investigated the feasibility of
duction. The noticeable rise of the inclusive jet data point¢@ccommodating these higher cross sections in the conven-
[7] above all “theory” curves shown so far may be related totional QCD framework by exploiting the flexibility of

the conventional choices of parametrization of the nonperturG(x,Q) at higher values ok where there are few indepen-
dent constraints, while maintaining the agreement with other

S — data sets in the global analysis. To do this, it is necessary to
0.4 £ e BCOMS F2(H) Compored to NLO QCD Using CTEQ4M (i) provide enough flexibility in the parametrization of
03 F X Values are shown, Q is increasing in each X bin G(x,Qp) to allow for behaviors different from the usu@lut

o 028 arbitrary) choice, and(ii) focus on the highE; data points

g o and assign them more statistical weight than their nominal

o ° values in order to force a better agreement between theory

= :g'; and experiment. Thus, the spirit of the investigation is not to

~ _0:3 E obtain a “best fit” in the usual sense. Rather, if(isto find

S o4k out whether such solutions exist, afig if they do exist, to

O 0.5 Fti e quantify how well these solutions agree with other data sets

S o4 E e BCDMS F2(H) Compared to NLO QCD Using CTEQH as compared to conventional parton distribution sets. The

Z 03 E X Volues are shown, Q is increasing in each X bin global analysis work described in Sec. V, without special

C'J 02 B attention to the higlc; points, provides the natural setting to

5 o put the results of Ref6] in context.

=) _0? ¥ Reference[6] was performed using the CDF Run-IA
_0‘2 data—the only high statistics inclusive jet measurement
0.3 available at the time. Two illustrative “solutions” of the
0.4 type described above were presented—one with the normal-
05 Bt ization fixed at 1.0 with respect to the CDF data, the other

Ly e b by e
0 20 4 : it ;
0 6 B8 100 120 140 160 with a normalization factor of 0.93. Figure 19 compares pre-

Data Point Number dictions of the normalization1.0 PDF set, which we shall
o refer to as the CTEQ4HJ set, with the more recent run-IB
FIG. 20. Percentage deviation of BCDMS proton data from egits of hoth CDF and DO. For this comparison, an overall
NLO QCD values based on CTEQ4M and CTEQ4HJ. Both PDF,, 1 ajization factor of 1.00.99 for the CDRDO) data set
sets give good fits. is found to be optimal in bringing agreement between theory
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TABLE VII. Parameters for the CTEQ4D initial parton distri- TABLE VIII. Parameters for the CTEQAL initial parton distri-
butions atQy,=1.6 GeV. Also,as(m,)=0.116, corresponding to butions atQ,=1.6 GeV. Also, LOA;=181 MeV.
NLO A5=202 MeV.

Parton Ao A A, Az A, % Momentum
Parton Ao A A, Az A, % Momentum

xd, 0.702  0.443 4.003 2.433 0.622 10.9
xd, 0.724 0.490 3.839 1.688 0.338 11.3 XU, 1.226  0.443 3.465 7.589 1.146 30.1
XU, 1.528 0.490 3.554 6.448 1.162 30.4 Xg 0.854 —0.305 3.666 1.846 1.968 41.8
xg 2.141 —0.058 7.554 36.405 2.223 43.7 x(d—u) 0.050 0.443 6.877 0.000 30.000 —
x(d—u) 0.054 0.490 7.200 0.000 30.000 — x(d+u) 0.201 —0.200 6.877 5.644 1.000 13.8
x(d+u) 0.154 —0.227 7.200 6.949 1.000 11.7 XS 0.050 —0.200 6.877 5.644 1.000 35
XS 0.038 —0.227 7.200 6.949 1.000 2.9

narrow down parton distributions and limit the behavior of
and experiment® The consistency between the two data setsthe gluon, especially if one uses the minimal form of the
as well as between theory and experiment, displayed by thigluon parametrization used by CTEQ3.
comparison appears to be rather remarkabfgain, bearing The new inclusive jet data agree well with theory predic-
in mind the neglect of systematic errors other than overaltions based on PDF’s determined by the other processes,
normalization. Results shown in Table IV quantify the? with the possible exception of the high data points.
values obtained while accommodating the higjljets in the By adding jet data to the global analysis, it is possible to
global fit in this particular case. Compared to the best fitfurther explore the range of variation of the gluon distribu-
CTEQ4M, the overally? for CTEQ4HJ is indeed slightly tion using a more general parametrization. Although the jet
higher. But this difference is much smaller than the differ-data set covers a limitextregion, its effect is felt over the
ences discussed earlier in the CTEQ4A series, and muadéntire x-range because it complements the other data sets
smaller than the difference between MRSJ and CTEQ4Mwell.
Thus the price for accommodating the highjets is negli- Based on these investigations, a new generation of
gible. In addition, the difference between CTEQ4HJ andCTEQ4 parton distributions for a variety of features are pre-
CTEQ4M is almost entirely due to the BCDMS data, evensented; they are tabulated in Table IIl.
though the BCDMSy? for CTEQ4HJ by itself is quite good. Three sources contributing to the uncertainty of the gluon
This change is due to the fact that, in the CTEQA4M fit, thedistribution have been investigated) by letting ag vary
BCDMS data set is the dominant one determining the largeever its current range of uncertaintgii) by increasing the
x quark distributions, while, in the CTEQ4HJ fit, the jet data degree of freedom for parametrizing the nonperturbative ini-
set is in competition for these quark parameters, and they atéal gluon distribution; andiii ) by varying theQ., in select-
changed by minute amounts. This is shown in Fig. 20 wheréng data for the global fits. The largest effect is duerta
the residuals between BCDMS data and theory are shown for These studies help to delineate the range of variation of
CTEQ4M and CTEQA4HJ. The residuals are almost identicalG(x,Q) over the range 10°<x<0.25. Further work is
which, together with Table 1V, confirms the fact that evenneeded in exploring the range of uncertainty of the gluon and
though CTEQ4HJ does not give the absolute overall best fisther parton distributions by systematically varying the rel-
to all data, it provides an extremely good description of allevant parameters of the global analysis.
data sets. It should be considered as a candidate for the gluon For larger values ok, more definitive experimental re-
distribution in naturé? In the future we will need strong, suits on inclusive jet and direct photon production as well as
independent measurements of the laxggiuons in order to  improved theory are needed for further progress. The ob-

clarify the situation with the higlte, jets. served highp, “excess” jet cross section can be accommo-
dated by a modified gluon distribution, represented by the
VIl. SUMMARY CTEQ4HJ set, since no other independent measurement con-

. . . .. __strains it in this range.
In this study of the impact of recent DIS and inclusive jet | \iew of the strong correlation between the gluon dis-

data on the global QCD analysis_ O.f. Iepton-hadroq anc{ribution andag, narrowing the uncertainty in the latter will
hadron_-hadron processes, we see significant progress in de@]gniﬁcantly improve the determination @(x,Q). What
onstrating the consistency of the NLO QCD framework, and
in narrowing the uncertainties on the elusive but important  tag|E |x. Parameters for the CTEQA4LQ initial parton distri-
gluon distribution. Specifically, we note the following. butions atQy=0.7 GeV. Also, NLOAs=174 MeV.

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

Parton Ag A A, Az A, % Momentum

13The change of CDF normalization factor from 1.0 to 1.01 is X% 0.852 0.573 4.060 4.852 0.693 14.7
attributable to the switch from the run-IA to the run-IB data set. XU 1315 0573 3.281 10.614 1.034 40.4

“This is to be contrasted with the conclusionio€ompatibility =~ X9 39.873 1.889 5.389 0.618 0.474 31.2
between the inclusive jet and DIS data reached by R Their ~ x(d—u) 0.093 0.573 7.293 0.000 30.000 —
fit to inclusive jet data over the ful; range[the Martin-Roberts-  x(d+u) 0.578 0.143 7.293 1.858 1.000 11.7
Stirling set J (MRSJ') sef gives rise to an extremely large for XS 0.096 0.143 7.293 1.858 1.000 1.9

the BCDMS data set.
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TABLE X. List of normalization factors for the experiments TABLE XI. List of normalization factors for the experiments

which minimize they?'s given in the corresponding? table. which minimize they?’s given in the corresponding? table.
Expt. CTEQ4M CTEQ4HJ CTEQ4LQ MRSJ  Expt. MRSA' CTEQ3M MRSA GRV
BCDMS 0.988 0.983 0.993 0.978 BCDMS 0.977 0.988 0.977 0.957
NMC 1.016 1.015 1.022 1.018 NMC 1.019 1.005 1.018 0.988
NMCg 1.000 1.000 1.000 1.000 NMCg 1.000 1.000 1.000 1.000
E665 1.013 1.027 1.009 1.041 E665 1.045 0.997 1.040 0.992
CCFR 0.976 0.971 0.983 0.968 CCFR 0.968 0.976 0.968 0.949
ZEUS 1.004 0.999 1.001 1.018 ZEUS 1.023 0.995 1.099 0.878
H1 0.993 0.978 0.987 0.994 H1 0.988 0.957 1.030 0.836
CDFAy, 1.000 1.000 1.000 1.000 CDFAy, 1.000 1.000 1.000 1.000
NA51 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 E605 1.025 1.097 1.008 1.012

can a global analysis of experimental data described in thigy hormalization errors. For non-CTEQ distributions, we
paper contribute to the measurementag? To explore this  gimn1y obtained the minimuny? by varying the normaliza-
question, one needs to study in some detail the sensitivity Qfoy’ factors without such penalty. The resulting normaliza-

each process which contributes to the global analysis to thg, tactors which go with Tables IV and V are given in
variation ofas. This problem will be pursued in a separate Tgpjes X and XI.

analysis.

3. Experimental systematic uncertainties
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ported by the U.S. DOE and NSF. For a few where they are, we have done separate studies of
the consequences of incorporating them in the global analy-
APPENDIX sis, and found they do not affect the best fit parameters by
any significant amounfsee Ref[13]).
1. CTEQ4 parton distribution parameters For the preliminary inclusive jet data, only the normaliza-

The initial parton distributions a@=Q,,f'(x,Q,), are  tion uncertainty is taken into account in the global fit. The
parametrized in general as in E8) for the gluonG and the rationale has been explained in Sec. V. The fully correlated
quark flavorsd, ,u Frd_s(s_)' except for the combination systematic errors from CDF, although available, are not eas-

— . e ily implemented in a way which is consistent with all the
d-u (Wh"?h does not have to be positive defipitehich is other data sets(A separate study on the effects of these
parametrized as

oo uncertainties employing the full correlation matrix is under-
d—Uu=Ag (1= x)"2(1+ Agyx+ Ax). way, and it will be reported in the futudeThese errors are

not yet available for the DO data set. The main effect of

For all parton distribution set€Q,=1.6 GeV, except for omitting the systematic errors on jets is to increase somewhat

CTEQA4LQ which haQ,=0.7 GeV. Tables of the coeffi-

cients {A;;n=1, ... 4i=flavorg for the three standard

parton distribution sets CTEQ4M, CTEQ4D, CTEQA4L, and 06

the low-Q, set CTEQ4LQ are given below, in Tables VI,

VII, VIII and IX. All parton distribution sets listed in Table

Q=5GeV

Il are available in fortran program form by requisor via ¥
WWW at http://www.phys.psu.edu/~cteq/. o 4 '
2. Experimental normalization factors c,f» Y
k3 ),

The x? Tables IV and V are obtained by allowing the % %2 ~ deggm \QQ
experimental data sets to “float” with respect to the theory | .. Bt o 22\‘52:,‘3 *‘«;,é
cross sections. For CTEQ distributionsy& penalty isin- | = D118 (2GeVeuy K
cluded in the fitting process for deviations of the normaliza- 0 , , —— Y
tion factors with respect to the respective overall experimen- 10% 108 102 107 2 3 4 5 6 7,

FIG. 21. Comparison of gluon distributions obtained in three
Requests can be sent to lai_h@pa.msu.edu or tung@pa.msu.edilobal fits using three different values €, in data selection.
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the relative weight of this data set in the global analysis. Thisnas$ in Drell-Yan process, and 4 GeV @ in direct pho-
will not affect the fits substantially because the jet data agreeon production. As a final check on the reliability of the
well with parton distributions determined from other pro- results described in the previous section, we test the sensi-
cesses, as discussed in Sec. IV. tivity of the fits to the value of these cutoffs in order to gauge
In general, the question of assigning appropriate relativgyossible influence due to nonperturbative or higher-twist
weights to different experimental data sets in a global analygffects!® For this purpose, we carried out several series of
sis is a difficult one. An experiment with few data points, gnalyses similar to the CTEQ4A-series above, but with the
which is, however, particularly sensitive to some phys'c'?‘lminimum Q. raised progressively from 2 GeV to 3, 4, and
parameters than all the others, can sometimes be emphasugdGeV_ Data points excluded by these high@g,'s are
justifiably in a globaly? minimization process; otherwise it ainly those of fixed-target DIS experiments. Weu found our
will be overwhelmed by the far more numerous data sets an%']:esults to be rather stable under these changes. Figure 21

the sensitivity will be lost. As an extreme example, the S
) i ; ' compares the gluon distributions from three PDF sets ob-
NA51 experiment29], which has an important impact on . . .
tained with threeQ, values mentioned above, all for a

the determination of the flavor SB) asymmetry of the sea . .
quarks (J_—d_) consists of only one data point. It has to be givenag value of 0.113. We see that the differences are quite
’ : small — smaller than those due to the variationagf(with

appropriately emphasized in a global analysis to have Athe samé).,) shown in Fig. 14 and described in Sec. V. The

effect in differentiating the sea quarks. subtle differences, especially in relation to sensitivity an
) values, will be discussed elsewhé].
4. Dependence on the choice @
In all global QCD studies, a set of cutoffs on the hard
scale “Q" for various processes is used in data selection. In 6This issue has previously been investigated in R&4]. The
recent CTEQ analyses, thi3.; has been 2 GeV ofp and  accuracy of both experiments and theory have improved dramati-
3.5 GeV onW in DIS, 2 GeV onQ (the invariant lepton pair cally since then.
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