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Abstract

,

In next-to-leading order quantum chromodynamics, gluon-gluon interactions dom-

inate the production of bottom quarks at hadron collider energies, and gluon-quark

interactions control inclusive prompt photon production at large transverse momen-

tum in pp collisions at fixed-target energies. Using such data, in conjunction with data

from deep inelastic lepton scattering, we determine a new gluon density whose shape

differs substantially from that derived from previous fits of data. The new set of parton

densities provides a good fit to bottom quark, prompt photon, and deep inelastic data,

including the most recent NMC and CCFR results.
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Quantum chromodynamicsisusedroutinelytocomputeexpectedcrosssectionsfor

theproductionofheavy quarksand ofdirect(orprompt)photonsinhadroninteractions.I

Calculationsof the shortdistance,hard scatteringcrosssectionhave been carriedout to

next-to-leadingorderinperturbationtheory.2'3Afterconvolutionofthehardscatteringcross

sectionwithpartonprobabilitydensities4 determinedfrom fitstodataon otherprocesses,

crosssectionsarederivedfortheproductionofheavyquarks2and ofprompt photonsatlarge

transversemomentum s inhadron-hadronscattering.Theoreticaluncertaintiesinthefinal

answerarisefrom varioussources.Principalamong theseistherelativelypoorlyconstrained

gluondensityG(x,/_),especiallyin the relevantregionof fractionalmomentum x. For

heavyquarkproduction,x __2Mr/vq; M_. = p_.+ M_, wherePr and MQ arethetransverse

momentum and mass oftheheavyquark,and V/Sisthecenter-of-massenergyofthehadronic

collision.For prompt photonproductionatlargetransversemomentum, x __2Pr/V_. In

G(z,_),/_is_hefactorizationscale.The sensitivityofpredictionstoG(z,/_)isstrong,s For

example,atv_ - 1.8TeV, gluon-gluonsubprocessesaccountforover90% ofthebottom

quarkproductioncrosssectionatsmallvaluesofPr,and forover50% evenatPr = 80 GeV.

Existinggluondistributionsfailtoreproducethedatas atv/_= 1.8TeV.

In thispaper we use the FermilabCDF 6 and CERN UA1 z colliderdataon bot-

tom quarkproduction,theCERN WA70 s and FermilabE7069 fixed-targetprompt photon

productiondata,and datafrom deepinelasticleptonscatteringI°-I_to make a new deter-

minationofthe gluon density.We remarkthatwe do notincludeprompt photondataat

_olliderenergiesinthiswork.Suchdataincludeimportantfragmentationcontributionsand,

forexperimentalreasons,requirea photonisolationselection,bothofwhichcomplicatethe

analysis.13Our analysisiscarriedoutentirelywithintheusualcontextofthefactorization

assumptionand employs next-to-leadingorderhard scatteringcrosssections.2'3Roughly

stated,therangesofx probedby thedifferentexperimentsare:0.01< z < 0.06by CDF;

0.03< x < 0.16by UAI; 0.20< x < 0.65by E706;and 0.35< x < 0.61by WA70. The col-

liderbottomquark dataand thefixedtargetprompt photondatathereforeprovidesupport

forG(x,/_)innon-overlappingbut nearlycontigu'_usrangesofx.

An unguidedsimultaneousfittodatafrombottomquarkproduction,prompt photon

production,and deepinelasticleptonscatteringwouldnotbesuccessfulsincetherearemany

more datapointsfromdeepinelasticleptonscattering,withmuch smalleruncertainties.The

strategyadoptedwas an iterativeone:startingwithan establishedsetofpartondensities,
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we forced the gluon determination by fitting first to the bottom quark and prompt photon

cross sections and then,'with that gluon density as a starting distribution, refitting the

prompt photon, the deep inelastic, and the bottom quark cross sections together. The fits

we report here were carried out in the MS factorization scheme. The collider bottom quark

data points were treated as entirely independent of each other in our fits. We recognize the

attendant imprecision since the experimental errors are correlated, having a common overall

normalization uncertainty. Thus, our procedure assigns more weight to the collider bottom

quark data than they deserve.

To determine our starting distribution, we began with the parton densities of the

Morfin-Tung set Bl. We retained the form of the valence quarks and the x dependent shape

of sea (quarks and antiquarks). The parametrization of the gluon density was altered to

fit the bottom quark and prompt photon cross sections, and the normalization of sea was

adjusted to satisfy the momentum sum rule. Evolution of the parton densities was carried

out to two-loop level.

Our first conclusion s is that it is not possible to fit the CDF data adequately unless

/_ is allowed to decrease below I_/MT "- 0.5. The CDF data prefer values of/_ in the vicinity

of/_ -" 1 Mr. Settling on I_ = ½MT, we used the gluon and other densities determined from

the fit to the CDF and UA1 bottom quark data as starting distributions in the simultaneous

fit to the bottom quark data, prompt photon data, and data from deep inelastic lepton

scattering, l°-12 along with data from massive lepton pair production. 14 We limited our fit

to the deep inelastic data having Q > 3.16 GeV and hadron energy W > 4 GeV. In fitting

the deep inelastic data our scale choice remained/_ "-"Q, but, as remarked above, we fixed

/_ = _ MT in the case of the bottom quark data. For the prompt photon data we fixed

/_ "" _ PT.

A satisfactory fit was obtained to the combined data set. Comparisons with the

bottom quark data are presented in Fig. 1, comparisons with the CERN WA70 and Fermilab

E706 data are presented in Figs. 2 and 3, and two examples of the fit to deep inelastic data

are shown in Fig. 4 and Fig. 5. In Table 1 we list the values of X2 from the combined fit.

In Fig. 6 we show comparisons of our new gluon density with that from MT set B1

for three values of the scale/_, and in Fig. 7 we show the x dependence of the ratio of the

new gluon density divided by the density in Morfin-Tung set Bl. We no_e that the bottom



quark data require a considerable increase in xG(z, I_) in the neighborhood of z = 0.05 for

values of _t __5 GeV. "

The qualitative features of the curve in Fig. 7 axe easy to understand. The CDF

bottom quark data are sensitive to gluons with values of z = 2MT/v/s in the range of

0.01 < z < 0.06, and the UA1 bottom quark data to gluons in the range 0.03 < z < 0.16. The

magnitude of the CDF data exceeds predictions based on earlier gluon densities, including

set B1 by about a factor of 2. Since gluon-gluon scatteri_ dominates, the data require an

increase in the normalization of the gluon density by roughly v_ in the relevant range of

z. The fixed-target prompt photon data support _he magnitude of xG(z, _) for z > 0.2. In

order to satisfy the momentum sum rule, the increase of the gluon density at intermediate

values of x must be compensated by a decrease elsewhere, resulting in the depletion observed

in Fig. 7.

The enhancement of xG(x, _uo)near z = 0.05, required by the CDF data, also appears

to force the new initial distribution to decrease moderately as x decreases below 0.01, in

contrast to the MT B1 distribution which increases gently as z --4 0. We note, however,

that the CDF bottom quark data with lYl < 1 do not place any constraint on the behavior

of zG(x,_) for very small z, i.e., z < 10-3, and that QCD evolution rapidly reduces the

difference as _t increa_es.

In this paper, we have focused on the strong constraints on the gluon density provided

principally by bottom quark production data at collider energies. We have shown that a new

gluon density may be derived from the CDF and UA1 data. While substantially different in

character from published gluon densities, the new density is nevertheless compatible with the

data on fixed target prompt photon production, deep inelastic lepton scattering, and massive

lepton pair production that had been used for previous determinations of zG(z,t_). It has

been observed is that the new NMC data 11support an increase in the magnitude of the parton

densities in the small x region. This trend is consistent with the effect we have determined

by fitting the CDF data. The longitudinal structure function FL(x, Q2) measured in deep

inelastic lepton scattering has often been recommended for _ determination of zG(z, Q2).

Experiments at HERA should be valuable, especially in the region 0.001 < z < 0.1 where

the new gluon density manifests a significant increase in magnitude.

We regard the work presented here in the spirit of a proof of principle that the

CDF data are constraining and can be accommodated, more than in the s_irit of a strict
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determination of zG(x, I_). Important questions revolve about the role of contributions in

4 and beyond. A _ore definitive quantitative fit awaits better understanding of theseorder c_s

contributions and the greater statistical precision promised from forthcoming runs st the

Tevatron.
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Table 1" Values of 2:2 from the combined fit to the prompt photon, bottom quark, deep
inelastic lepton scattering and massive lepton pair production data• I he top line specifies
the data sets, and the second line lists the values of X_ divided by the number of data points.
The BCDMS data are renormalized by a factor 0.975. The CCFR Fs data axe renormalized
by a factor 0.94. The Fermilab E605 data on massive lepton pair production are renormalized
by a factor 0.8.

UA1 CDF WA70 E706 BCDMS CDHSW NMC CCFR E605

F_ F_ f_ _F_ F_ f_ 0.94×F__r_ ×0.S

0.64 1.15 0.98 1.36 0.681.08 0.580.51 1.641.15 2.34 0.88 0.90



Figure Captions

Fig. 1. The solid curves show the results of our fit to the CDF and UA1 data. They are

obtained from convoluting the O(a_) QCD hard scattering cross section with the new

parton densities determined from our combined fit to the deep inelastic scattering,

bottom quark, and prompt photon data.

Fig. 2. The solid curves show the results of our fit to the CERN WA70 data. They are obtained

from convoluting the O(a2,)hard scattering cross section with the new parton densities.

Fig. 3. As in Fig. 2, but for the Fermilab E706 data.

Fig. 4. The solid curves show the results of our fit to the BCDMS hydrogen data set, _tp -_ #X.

They are obtained from the new parton densities determined from our combined fit to

the deep inelastic scattering, bottom quark, and prompt photon data.

Fig. 5. As in Fig. 4, but for the NMC deuteron data set.

Fig. 6. Solid and dashed curves show the behavior of our new gluon density and that from

MT set B 1 _ a function of z, for three values of the factorization scale/_.

Fig. 7. Ratio of the new gluon density to the gluon density in Morfin-Tung set Bl. The ratio

is evaluated at scale/_ = 5 GeV.
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