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In this paper we report recent QCD analysis with the new data taken from CDF detector. CDF recorded an 
integrated luminosity of 4.4 nb-’ during the 1988-1989 run at center of mass system (CMS) energy of 1.8 TeV. 
The major topics of this report are inclusive jet, dijet, trijet and direct photon analysis. These measurements 
are compared to QCD predictions. For the inclusive jet and dijet analysis, tests of quark compositeness are 
emphasized. 

1 Introduction 

In the 1.8 TeV CMS energy, pp collisions at high trans- 
verse energies (E, ) are approximately the same as in- 
teractions of asymtotically free partons. At the moment 
CDF took data at the highest CMS accelerator energy 
providing a unique probe of the smallest distance scales. 
Large deviations from QCD predictions could be an in- 
dication of new phenomena. In particular possible quark 
compositeness is of interest. 

So far there is no widely accepted theoretical predic- 
tion for quark compositeness. A common form used to 
parameteriae the effect of quark compositeness is a con- 
tact interaction from constituent exchange [I]. An effec- 
tive Lagrangian is, 

hf 9= - ,,,b%7ws 

Where g is set to unity and A’ is the effective composite- 
ness scale (in GeV). In this form, the cross section rises 
with parton CMS energy squared so the deviation from 
QCD calculation should be pronounced at high E, region, 
if there is quark substructure at this energy scale. 

In the light of recent development of theoretical cal- 
culation [z] , [3] at next-to-leading order (NLO), hadron 
collider experiments are obliged to refine their jet anal- 
ysis further. For example the choice of jet clustering al- 
gorithm could be studied with NLO calculations. An 
advantage expected from NLO calculations over leading- 
order (LO) calculations is that the NLO calculations are 
less sensitive to renormalization scale p. 

Direct photon analysis in CDF can probe the very low 
x region of the glum distribution. In general, photon en- 
ergies can be measured more precisely than jet energies. 
There are three diagrams for direct photon production 
in leading order. These are quark and gluon interaction 
diagram, quark annihilation diagram and photon radia- 
tion from quark. Quarks and gluons in the initial state 
interaction are predicted to dominate at the CDF CMS 
energy. 

2 Jet Measurement 

A description of the CDF detector can be found else- 
where [4]. There were three triggers based on cluster 
energy for jet events. Transverse cluster energies greater 
than 20, 40 and 60 GeV BIG triggered on. The first 2 
triggers are prescaled by factors of 300 and 30 to reduce 
the trigger rate to an acceptable level. Also events with 
sum of E, greater than 120 GeV in calorimeter cells are 
triggered. The response of the calorimeters are measured 
using T* and e+ test beams and isolated charged tracks 
in red data for low energy response. The response of the 
calorimeters over the range from 500 MeV to 225GeV in 
energy and position dependence were mapped out. 

Since a jet is a combination of charged and neutral 
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Figure 1: The inclurivc jet cross rcction from CDF compared to 
the Next-Wcading order calculation. The theoretical cumc is nor- 
m&d to data points. Only statistical emxs arc shown for the 
data. 
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Figure 2: The induaivc jet cm118 section st El =100 GcV with 
three cone siser used in the jet clustering algorithm. Circles are 
from NLO calculation and compared with CDF data. 

particles with a broad range of momenta, we correct jet 
energy according to a Monte Carlo simulation of detector 
response. This has a tuned fragmentation function along 
with a known single particle response of detector. Tun- 
ing of the fragmentation function[b] was performed by 
comparing Monte Carlo data with CDF data. In central 
region, jet Et resolution is about 10% of E, in the range 
of 30 GeV to 400 GeV excluding 3 - 4 % of energy scale 
uncertainty. 

In CDF we use a fixed cone algorithm to define jets. 
The cone is defined by JA$ + A@ 5 II, where AT 
and A$ are q and 4 intervals from calorimeter cell po- 
sitions to jet centroid, and R is the cone size. In the 
following analysis we use a cone size of Rz0.7 unless 
otherwise specified. There is some advantage in using 
a fixed cone algorithm over some other algorithms, as 
it is easier to directly compare with theoretical calcula- 
tions [Z]. Jet clustering in CDF is done in the following 
way. First a seed tower with measured transverse energy, 
E,, greater than 1 GeV was found. The centroid is deter- 
mined through iterative procedure. The cluster energy is 
a scalar sum of tower energies with Et 2 0.2GeV in the 
cone. If two cones share more than 50% of their energy, 
they are merged together. Common cells of unmerged 
cones are assigned to the nearest cluster. 

3 Inclusive Jet Analysis 

Inclusive jet production here is the process of pp + JET 
+ X. The corrected jet E, spectrum is compared with the 
NLO calculation in figure 1. In this measurement jets are 
required to be in the central region (0.1 5 q 5 0.7) with 
the event vertex within 60 cm of detector center along the 

beran axis. Cosmic ray bremsstrahlung were removed 
by rejecting jets with a) showers out of time with the 
beam crossing, with b) unrealistic shower deposition and 
c) events with large missing Et QCD predictions agree 
quite well with data over 7 orders of magnitude in cross 
section. 

In extracting the inclusive jet Et spectrum an un- 
smearing process was applied. The unsmearing proce- 
dures can reproduce the original Et spectrum from an 
uncorrected E, spectrum. We correct the E, spectrum 
using known distributions of calorimeter response. 

The NLO calculation predicts the cone size depen- 
dence of the inclusive jet cross section. Cone sizes were 
set at 0.4,0.7 and 1.0 far this study. In figure 2, a compar- 
ision between theory and data is made at a fixed Et of 100 
GeV. The measured points show a steeper dependence on 
cone size than the theoretical predictions. 

In figure 3, the theoretical curves of the LO calcula- 
tion and the measurement are compared using structure 
functions from EHLQ I [6] with Q’ scale of 0.5 Ef. The 
solid curve is the QCD prediction and dotted line in- 
cludes the effect of quark compositeness term with h’ 
equals 950 GeV. The theoretical curves are normalized 
by fitting with data from 80 to 160 GeV where the quark 
compositeness term is small. The measurement is consis- 
tent with a limit of A’ >950 GeV [7]. 

4 Dijet Analysis 

This analysis is also sensitive to quark compositeness. 
Additional cuts are applied for dijet event selection. Two 
leading jets are required to be in the central region (7 5 
0.7) and a loose cut is applied by requiring that the two 
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Figure 3: The inclusive jet cm31 section measurement compared 
with QCD(solid line) prediction and with a quark compositcne~s 
scale of 950 GeY(dottcd tine). Only statistical cw,rs arc shown. 
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Figure 4: Diiet invariant mbls rpcctrvm compuued with four ,hcG- 
retid EUIYCS using di?Terent compositneas scale assumptions. 

leading jets be back to back in azimuth (Ar#z = 180° f 
15"). 

The dijet mass spectrum is shown in figure 4. The 
four curves are correspond to theoretical calculation with 
A’ values of 750 GeV, 1000 GeV, 1250 GeV and QCD 
only. In this plot we use structure function of Duke and 
Owens [8] with Q’ scale ofE:. The measurement is con- 
sistent with the previous limit from preliminary CDF re- 
*“It of A’=950 GeV [9]. 

5 Trijet Analysis 

In pp collisions at CDF, three jet production is predom- 
inantly from a glum emitted by gluan or quark. The 
study of the three jet system can allow us to look into 
detaiis QCD processes of 99 --t ggg, qq + 4qg and 
gq + 999. For example the infmred or collinear divergent 
part can show up near kinematic limits. 

Events satisfying the total sum trigger were used for 
this analysis. Cuts were made to produce a flat accep- 
tance for the kinematic variables. We require that each of 
the three jets be less than 3.5 in 171 and have a E, larger 
than 10 GeV. The mass of the three jet system is required 
to he greater than 260 GeV. Also other fiducial cuts on 
CMS angles are made. The three jets are ordered in en- 
ergy in the center of mass system and labeled jets 3, 4 
and 5. The kinematic variables I~, z, and zs are the 
fractional energy in CMS and are defined as: 

2. E; 
xi = G s 

where iCi,jet is the invariant mass of the 3 jet system. 
A Daiitz plot of two kinematic variable 23 and q is 

shown in figure 5. Phase space is uniform over the whole 
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triangular area. At the left corner of the distribution all 
three jets have same energies. The upper right corner 
is a. region near infrared divergences where two leading 
jets take almost all of the energy and the least energetic 
jet has very little energy. The bottom right corner is a 
region near a collinear divergences where the two least 
energetic jets are parallel. Projection of the 23 and 21 
distributions are also shown. Dotted lines are from a 
phase space calculation. The zs distribution is rising 
fast above 0.8 because of singularities in the theory. The 
data clearly favour the QCD predictions. 

6 Direct Photon Analysis 

In CDF we have two methods in identifying direct pho- 
tans from x0 and ‘I decays. The first rises B shower pro- 
file measurement with sets of wire chambers at 5 radia- 
tion lengths in the electromagnetic calorimeter. With the 
known shower profile of -, from test beam e’ data and 
background from Monte-Carlo analysis, we can estimate 
efficiencies for 7 and background. 

Secondly, a conversion method was used to identify di- 
rect 7 ‘s using drift tubes in front of the coil. The amount 
of conversion material is about 18% radiation length over- 
a.lI. 7 ‘s converted in the material are detected in central 
drift tubes. For a single 7 the conversion probability is 
10 h 2% and roughly twice for x” which decays to two 
-, ‘s. This method is less dependant on Et , but is lim- 
ited by low statistics. More detailed description of these 
methods are in reference [lo]. 

CDF PRELIMlNARY 
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Figme 5: Dalitl plot and projections of variables x3 and XI. Pure 
phase apace vodd have a uniform distribution on the scatter plot. 
Dashed lines on projected plots en shape from pharc space and 
solid liner are from QCD calculation. 



7 ‘s are triggered when there is an isolated eletro- 
magnetic cluster. Two triggers were implemented for di- 
rect photon events. One at a E, threshold of 10 GeV 
(prescaled) and the other is at 23 GeV without prescale. 
The isolation requirements are necessary to reduce back- 
ground from jets with high electromagnetic content. In 
the analysis, fiducial cuts are made to insure a good 
shower shape. A requirement of no track pointing to 
the electromagnetic cluster is made as well as vertex Z 
value less than 50 cm. A partial data sample was anal- 
ysed with 45 nb-’ for E, threshold of 10 GeV and 1.6 
pb-’ for El threshold of 23 GeV so far. 

The cross section of direct 7 ‘s is shown in figure 6. 
The measurement points with circles are from the shower 
profile method and triangular points are from the con- 
version method. The systematic uncertainties for overall 
scales are also shown for the bath methods. The large 
systematic uncertainly for conversion method is mainly 
coming from the uncertainty of detection efficiency of 
converted .y ‘8. 

The theoretical curves are from three different struc- 
ture functions [ll] with Q’ scale is set equal to Et using 
next leading order calculation. The theoretical curve at 
high E, fit very well with data while there is some excess 
of signal at low E, The excess at low Et is still under 
investigation. 
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Figure 6: Inclusive direct photon c*oss section from two the inde- 
pendent methods explained in text. Circles ace from the shover 
protile measurement and triangles me fmm the converted photon 
meas”ICment. 

7 Conclusions 

The effect of the cone size of the jet clustering algorithm 
has been measured. The data show a steeper dependence 
on cone size than the NLO calculations. The inclusive jet 
cross section measurement matches very well with QCD 
calculation for 7 orders of magnitude. The dijet invari- 
ant mass distribution agrees well with QCD predictions 
also. From these two cross section measurement we can 
conclude that the quark compositeness scale is consis- 
tent with limit of A’ 950 GeV. The direct 7 cross section 
agrees with QCD predictions reasonably well with some 
excess at law E, 
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