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ABSTRACT

Resu]taare presented for hadronic jet and direct photon production at v_ = 1800 GeV. The data are
compared w/rh next-to-leading QCD calculations. A new limit on the scale ofpossible composite structure
of the quarks is also reported.

High energy _p collisions produce a large rate [5]. The central calorimeter, used in the measure-
of hadronic jets by the mechanism of hard par- ments described here, consists of projective tow-
tonic scattering. This scattering is generally de- ers of metal _bsorber-scintillator sandwich con-
scribed by the theory of Quantum Chromody- struction. They cover an _-range of [rll < 1.1,
namics (QCD), either via leading-log shower and the full range in _. The calorimeter encloses
Monte Carlo techniques [1], or by explicit per- the central tracking chamber (CTC), which mea-
turbative calculations. Recently, several groups sures track momenta in a 1.4 T solenoidal rang-
have published computations of jet production to netic field.
next-to-leading order in the strong coupling con- The observed jet response in the calorimeter
stant ck, (order _, 3) [2,3]. These calculations differs from the true Et due to the effects of de-
and others will reduce the theoretical error as- tector cracks and nonlinearity. We determine the

sociated with perturbative QCD calculations; it magnitude of these effects using a combination
has been suggested [4] that a characteristic pre- of testbeam data and isolated tracks in the CTC
cision of 20% may soon be typical of the field. In to measure the calorimeter response to single pi-
addition, new dynamical distributions involving ons to a precision of approximately 5%. This
partonic radiation are now calculable and avail- response, combined with fragmentation informa-

able for. experimental testing, tion from tracks in jets, can be used to simulate
The Tevatron collider provides an ideal lab- observed jets and obtain the required corrections.

oratory for these tests, since the jet production The procedure may be used to correct the aver-
spectrum extends cver many orders of magnitude age Et of jets or additionally to incorporate the
in the jet transverse energy Et • In this paper effects of resolution, which modifies the shape of
we describe recent measurements of jet and di- any steeply falling Et spectrum.

rect photon production at the CDF experiment We have measured the inclusive /_t spectrum
at the Tevatron, and compare those results with of jets using a trigger which required a single
recent predictions of perturbative QCD. high-Et calorimeter cluster above thresholds which

Jets at CDF are identified as localized deposits ranged from 20 GeV to 60 GeV (the lower Et

of calorimetric energy, identified by a cone al- thresholds were prescaled). This trigger was de-
gorithm paramtetrized by a cone radius R = termined to be > 98% efficient for jets with mea-
_/'(A_) + (A_2), where _ is the pseudo-rapidity, sured Et between 35-100 GeV, depending on thresh-
and _ is the azimuthal angle w.r.t the line de- old. We imposed this cut on the jets, and also re-

"fined by the colliding beams. Cone radii used quized an event vertex within 60 cm of the nomi-
in this paper range from R = 0.4 to R = 1.0. nal beam interaction point, and that the jets fall
The transverse energy E, is defined as Egin.O, in the range 0.1 < 17[< 0.7. These cuts guaran-
where 0 is the angle between the beamline and tee uniform energy measurement in the central
a line from the event vertex to the center of the calorimeter. We rejected cosmic ray background

jet cluster. The algorith_-n is fully described in as in [6].
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Figure 1 shows the inclusive jet cross-section leading order calculations that include this con-
for a clustering radius R = 0.7, along with a tact term are available. We therefore fit the spec-
prediction of next-to-leading order QCD using trum to leading-order QCD in the region 89GEV
HMRSB structure functions [7] and a renormal- GEt <160 GeV, where effects of Ac > 750 GeV
ization scale of_ _- Et • The data have been cor- are negligible. An overall normalization factor is
rected for energy losses and resolution smearing the only free parameter in the fit. We use a cone
as discussed above. The corrections include the size of 1.0 to minimize effects of energy loss out
effect of contributions to the jet energy from the of the cone, not accounted for at this order in the
underlying event not associated with the hard theory.
scattering process. We make no correction for We extrapolate the fitted curves to the region
energy falling outside the clustering cone, as this Et <160 GeV for various values of Ac, and com-
should be accounted for in next-to-leading order pare with the data. Point-to-point correlations
calculations. The data and the calculation show are included for the Et -dependent systematic er-
good agreement over 7 orders of magnitude of rot. We find the limit using the structure func-
cross-section, tionsetsHMRSB,MTS, and MTB [7,8].The set

Figure2 containsthesame dataplottedasthe HMRSE yieldedpoorfitsintheregionbelow 160

fractionaldifferenceofthedatawiththeHMRSB GeV, and was excluded.In thisway we derivea

calculation(/_= Et ). The dottedlinesrepre- limiton Ac of1400 GeV, at the 95% confidence
sentthe Et -independentpartof the systematic level.

error.The data pointsincludestatisticaland Next-to-leadingorderQCD calculationspro-
Et -dependentsystematicerror.The systematic vide,forthe firsttimein a perturbativecalcu-

erroristypically25%. A number ofotherthe- lation,informationon the internaldistribution

oreticalpredictionsare alsodisplayedto exhibit of energywithina jet.We have measured the

the variationwith structurefunctions.Fitsof internalPsflowinsidejetsusingtrackinginfor-

theoreticalcurvesto the data(forEt >80 GeV) mation from the CTC. The jetsare selectedby
yieldnormalizationsbetween 1.15(HMRSB) to requiringthem to be central(0.1< [_7[< 0.7),

1.29(MTB1). HMRSE structurefunctionsresult to have an eventvertexwithin60 cm ofthe in-

ins poorfittothe data.The expectedtheoret- teractionpoint,and to have Et inthe range 95

icalerror(estimatedfrom /_variation)isesti- GeV < Es < 120 GeV (corrected).This selects
mated atapproximately10% forthisconesize. about 18% of the triggerswhich requireda 60

Perturbativecalculationsatorderez,spredict GeV triggercluster.We use a clustercone ra-
thatthemeasured inclusivejetcross-sectionwill diusof R - 1.0.

depend on the choiceof clustercone radiusR. Trackspointinginsidethe coneradiusare_e-

We measuredthecross-sectionatthreechoicesof lectediftheypasscutson the occupancy (50%

coneradius,0.4,0.7,and 1.0.Thresholdchoices oftheexpectedhitspresent)and havesufficient
and correctionsweredone independentlyforeach 3-dimensionalreconstruction.For each selected
cone size.The resultswere fitto a functionof track,we compute thedistancer,inrt-¢space,

the form A + B In R, yielding best fits of A = measured to the jet calorimeter centroid. We
0.79-t-0.02 nb/GeV and B = 0.49-4-0.03 hb/GeV, make the Pt density _stribution

for jets of 100 GeV Et . (For more details on 1 1 dpt
next-to-leading order computations, see the con- p(_.) = _ P,(1.o) d,,
tributions of S. Ellis and P. Chiapetta, these pro-

ceedings.)
Our data may be used to search for the pres- where Pr(1.0) is the total transverse momentum

ence of quark substructure, which can manifest carried by tracks inside the cluster cone, and N
itself as an enhancement in the cross-section at is the total number of jets in the sample.

high jet Et • This effect is conventionally written Figure 3 shows the integral of p(1.) compared
as a 4-Fermi interaction characterized by a con- to an ck, a computation [9] using HMRSB struc-
stant Ac, with units of energy. Currently, only ture functions and /_ = Et • The distribution

is normalized to Pt (1.0) as defined above. The
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data have been corrected for tracking efflciency, ical curve with the jet resolution and response,

We estimate this efflciency as functions of jet rather than correcting the observed energies as
Et and spacial separation of the tracks byinject- in the inclusive jet cross-section. The correla-

ing Monte Carlo tracks into real jet events. The tions in the systematic errors are included in

theoretical calculation is expected, at this order, our fits. The systematic errors are dominated

to vary somewhat with choice of renormalization by calorimetry and fragmentation modeling, and
scale/_, are typicaUy 50-55% of the value of the cross-

The dominant systematic error for the inte- section. Our fits to QCD allow a global normal-
gral distribution comes from the accuracy with ization factor as a free parameter. Fits were per-

which the jet axis can be determined. This has formed for many choices of structure functions

a its largest effect close to the jet core, (where (DO, EHLQ, HMRS, and MT sets), and for say-
the distribution is steeper), where it causes an aral values of renormalization scale. We find in

u acertainty of 25%. Other effects are the un- every case much improved statistical agreement
c, ,tainty in the tracking correction, taken as its using a cone size of 1.0. The confidence level for

fuJ value of 7_0 in the jet core, and the effects R = 0.7 is never greater than 10_, while the
of jet Et resolution, which causes a 6_ effect in R = 1.0 results have typical confidence levels of

the core. The systematic uncertainty is greatly 50% or greater. In many cases we find adequate

_educed as one moves away from the jet core, agreement for a cone size of 1.0 using statistical
falling to about 4_ at R -- 0.4. errors only. This poor agreement for a cone size

Jets in the central calorimeter can also be used of 0.7 probably represents the effect of gluon radi-

to compute the dijet invariant mass and to mea- ation outside the cone, and points to the need for

sure its spectrum. We define the mass as Mjj - comparison of this quantity with next-to-leading

_/(EI + E2) 2 _- (/h + p=)2, where p is the vector computations which should soon be available.
momentum, measured in the calorimeter. The The CDF central calorimeter can also be used

two most energetic jets in the event are used to to identify direct photons produced by hard QCD

compute the mass. We require both jets to sat- processes. Each projective tower is divided into

isfy requirements on 77 (Ir/[ < 0.7) and to have an an interior electromagnetic section (CEM) with
event vertex near the interaction point. T_._- trig- 18 radiation lengths of lead absorber, and an ex-

gcr was as discussed for the inclusive jet cross- terior hadronic section with iron absorber. A
section measurement. This analysis required mea- position-ser_itive multiwire proportional cham-
sured cl_jet mass thresholds of 120-280 GeV for ber (CES) is imbedded in the CEM at a depth

a cone of 1.0 and 100-240 GeV for a cone of 0.7. of 6 radiation lengths. This system is described

Jets in the region ]7/I ¢: 0.1 encounter a region in detail in 110].

of paztial coverage in the CDF detector. For this We identify candidate photons as one or two
reason we apply an _dependent correction to the towers of energy in the CEM, with less than 11%

E¢ of jets used in this measurement. The correc- hadronic cnergy and no charged track pointing

tion map is derived from a study of the Pc balance to the cluster. Jetbackground can be reduced
oi. dijet events, where one jet is well-measured, by requiring the cluster to be isolated, i.e. no

The elata can be compared to a leading order more than 15_ of the cluster energy is allowed

QCD computation. In doing this we apply no in a cone of R - 0.7 around the cluster centroid.
corrections for underlying event energy or energy The remaining sample has significant back-

failing out of the clustering cone, nor do we up- grounds dominated by electromagnetic decays of

ply a cut in the A_ oi" the two leading jets. We isolated lr° and 7/mesons. We subtract this back-

instead treat these effects as phenomenological ground using two methods. The people meOwd
uncertainties when fitting the data to theoretical relies on the transverse shower shape of the clus-

predictions, ter, as measured in the CES. A X _ test is per-

We have compared the data to leading-order formed to compare the shape of the cluster to
QCD for two values of the cluster cone radius, that for a standard testbearn electron. On uv-
R = 0.7 and R -- 1.0. We convolve the theoret- erage the X= for photons is sinai Jet than for the
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background. We require X2 < 4 and evaluate H.U. Bengtsson and G. Ingelman, Com- "
the remainingfractionofbackground by Monte puterPhys.Comm. 34,251(1985). I
Carlosimulation.The efficienciesof the cut for I

backgroundand signalhavebeencheckedagainst [2]S. Ellis,Z. Kunst, and D. Soper,Phys. I

electronsfrom W decay,photons from 7}decay Ray. Left.64,2121(1990). f

and Ir°sfrom p decay. [3]Fo A.versa,M. Greco,P.Chiapetta,and J.

The cunl;ersiortrne_hodusestheposition-sensitive Ph. Guillet,LNF-90/012 PT (1990).Sub-
centraldrifttubes(CDT) tocountthenumber of mittedto PhysicalReview Letters.
conversionsassociatedwith an electromagnetic

cluster.A photon has a conversionprobability [4]S.Ellis,"PhysicsChallengesintheStrong
of approximately10% in the outer skin mate- Interactions",inResearchDirections

rialofthe CTC, whiletypicalbackgroundshave for the Decade, Proceedingsof the 1990

roughlytwicethisprobability.This subtraction Summer Study on High Energy Physics,
techniqueisindependentof photon pt , which Snowmass, 1990. To be publishedby

makes it especiallyusefulin the regionabove World Scientific,1991.

40 GeV, where merging ofphotonsfrom decays
makes the profilemethod unusable. The two [5]F. Abe etal.(CDF collaboration),Fermi-

lab PreprintFNAL PUB 91/181 (1991),methodsgivethesame cross-sectionintheircom-
mon regionofpr • submittedto Phys.Rev. D.

In figure4 we show theisolatedsinglephoton [6]F. Abe et al.(CDF collaboration),Phys.

cross-sectionfrom CDF and UA2 [Ii]compared Rev. Lett.62,613(1989).
tonext-to-leadingorderQCD computations[12]

(photonbremsstrahlungisonlyincluded_olead- [7]Pr Harriman, A. Martin, R. Roberts,
ingorder).The innererrorbarsare the statis- and W. Stirling,RutherfordLaboratory

ticalerrorand the outererrorbarsare th_ s'a- Preprint_R_A.L-90-007(1990).
tisticalerrorcombined in quadraturewith the

Pt°dependentpartof the systematicerro We [8]Jr Morfin and W.K. Tung, Fermilab

show the Pt-independentnormalizatioruncer- PreprintFNAL PUB 90/74 (1990).

taintyseparately.The predictionvarie_by 30% [9]S.Ellis,privatecommunication.
among common choicesof structurefun,ctions,

and byabout 10% when therenormalizationscale [10]L. Balka et al.,Nucl. Ins_.and Math.

ishalvedordoubled.Calculationsincludingbrains- A267,27'2(1988).
straldungat next-to-leadingordermay improve

the agreementwith themeasured results. [11]J. Alittiet al. (UA2 Collaboration),
Thiswork would havebeenimpossiblewithout CERN PreprintCERN-PPE 91/68,1991.

the dedicationand skillof the FermilabAccel- [12]P.Aurenche,R. Baler,and M. Fontannaz,
eratorDivision,whose assistancewe gratefully Phys.Rev. D42,1440 (1990).
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