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Proton-antiproton collisions, at center of mass energy of 1.8 TeV, were recorded 

in the CDF detector between March and May, 1987. The maximum instantaneous 

luminosity recorded was 1.5 x 10 29 em-2sec· l . The total integrated luminosity, for 

data logged on tape, was about 35 nb- I. 

At the energies of the CERN SPS pp collider ( {S = 546 and 630 GeY ), 

hadronic jets were clearly identified by UAI and UA2 collaborations 1]. Jet production 

properties have been investigated by measurements of the inclusive cross sections 2], of 

the two-jet angular distribution 3] and of three-jet cross section 4] and fragmentation 

properties of hadronic jets have also been studied 5]. 

In this paper, we show jets clearly seen at..JS = 1.8 TeV, the several properties 

of jets and the inclusive jet Et distribution measured at ~ = 1.8 TeV in the 

pseudorapidity range between ·1 and 1 with the CDF detector. The slope of the 

inclusive jet Et distribution is compared with that obtained with ISAJET Monte Cairo 

program . 

2. CDF Detector 

A cross sectional view of the CDF detector is shown in Fig.!. The CDF 

detector6] consists of electromagnetic calorimeters, hadron calorimeters, muon 

• The CDF collaboration is listed in Appendix I. 
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chambe~, tracking chambe~ and beam-beam counters. The total number of electronic 

channels for the entire system is about 70,000. 
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Fig.l A cross sectional view of the CDF detector 

The seven calorimeter systems 7] in the CDF detector include: the central EM 

calorimeter, the central hadron calorimeter, the end wall hadron calorimeter, the endplug 

EM calorimeter, the endplug hadron calorimeter and the fOIWard EM and fOIWard hadron 

calorimeters. All of the calorimeters are of the sampling type. The EM calorimeters 

use lead plates as the absorber; the hadron calorimeters use steel. In the central and 

endwall calorimeters the active medium is scintillator; the endplug and fOIWard 

calorimeters use proportional tube chambers with cathode pad readout 

The CDF calorimetry has complete azimuthal coverage over the polar angles 

ranging from 2" to 178", corresponding to pseudorapidity coverage from -4.2 to 4.2. 

The calorimeters are all subdivided into many cells, each having tower geometry where 
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each tower points to the center of the interaction region. The tower segmentation ( ~T\ x 

6.$ ) is 0.1 x 0.09 in the endplug and forward proportional chamber calorimeters, and 

0.1 x 0.26 in the central and end wall scintillator calorimeters. 

The energy resolution of each calorimeter system is shown in table 1; the energy 

resolution at Et = 50 GeV is approximately 2 % in EM calorimeters and 12 % in hadron 

calorimeters. 

Table 1 Energy resolution of the CDF calorimetry 

Energy Resolution ( afE ) 

E=50GeV Et=50GeV 

Central EM Calorimeter 2% 2% 

Central Hadron Calorimeter 11% 11% 

End wall Hadron Calorimeter 14% 12 % 

Plug EM Calorimeter 3% 2% 

Plug Hadron Calorimeter 20% 12 % 

Forward EM Calorimeter 4.5 % 2% 

Forward Hadron Calorimeter 23 % 14% 

The central calorimeter is comprised of 48 wedge modules, one of which is 

shown in Fig.2. Ten towers of the EM calorimeter are located at the inner surface. Lead 

plates, each 3.2 mm thick, are sandwiched between 31 layers of 5 mm thick polystyrene 

scintillator. A proportional tube chamber is imbedded in the stack at a depth of about 5 

radiation lengths. The center of gravity of EM showers is determined in this chamber 

with an accuracy of 2 nun. Y7 wavelength shifters on the two sides of a tower collect 

light from the scintillator. Light guides carry the light to two phototubes per tower on 
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the back of the modules. There are eight hadron towers in each wedge module. Each 

tower has two phototubes arranged similarly to those in the EM towers. 
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Fig.2 One of 48 wedge modules which compose the central calorimeter 

3. Calibration of CDF central calorimeter 

The CDF central EM calorimeter was calibrated in a test beam of 50 GeV 

electrons. This calibration has been maintained over time by means of individual 

Cs137 sources for each module. The ratio of the 50 GeV electron response to the 

response to a Cs137 source is assumed to be constant. Figure 3 shows the difference in 

the ratio of the response to the electron beam to that for the Cs137 source, for succesive 

calibration procedures separated in time by about 5 weeks, for four different modules. 

The 0.2% deviation in the mean value corresponds accurately to the current decrease 

expected from the disintegration of the Cs sources, These data indicate that the 

calibration is reproducible at the ± 0.7 % level. 

The central hadron calorimeter was also calibrated in a test beam of 50 GeV 

pIOns. The pulse height distribution for 50 GeV pions that give minimum ionizing 
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pulses in the EM section is shown in Fig.4. A peak around 2 GeV is due to muon 

contamination in pion beam. The conversion coefficient from ADC counts to energy was 

obtained from this pion peak. The calibration reproducibility was tested in the same way 

as for the EM calorimeter. The percentage difference between corresponding pion peaks 

nonnalized by Cs 137 source current of 7 recalibrated modules is plotted in Fig.5. Here 

the reproducibility is at the 1 % level. 
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4. Data Acquisition 

We took the data with several kinds of triggers simultaneously, with trigger 

threshold values that varied, depending on the luminosity: 
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A total Et trigger was made from the sum of the Et deposited in the central 

calorimeter. The threshold was set to 20, 30, 40 or 45 GeV depending on the 

luminosity. Another total Et trigger was made from the sum of Et deposited in either the 

plug EM calorimeters or the forward EM calorimeters. This threshold varied from 10 to 

15 or 20 GeV. 

An electron trigger was formed using the sum of Et deposited in the central EM 

calorimeter, selecting only those towers that had Et above 5 GeV. The total Et threshold 

was set to 15 GeV. 

A high pt muon trigger was made by a tracking processor associated with the 

central and forward muon chambers. 

A minimum bias trigger was formed from coincidences between the West and 

East beam~beam counters. This coincidence was also requi red for the three triggers 

mentioned above. 

The data logging rate was kept to about 1 Hz and the number of jet events per 

tape was about 300. Total data sample of run amounted to about 500 tapes. 

5. Results of the Analysis 

We used two kinds of jet finding algorithms for performing the jet analysis: 

The flrst one, called CLUSTI, is ~ased on nearest neighbor clustering. In the 

clustering, we pick as seeds towers with Et above 1 GeVand cluster with it adjoining 

hit towers with Et above 0.1 GeV. The seed tower with the maximum Et is the first 

parent tower used to fonn a cluster. Adjacent hit towers are merged into the cluster. 

The merged towers then become new parent towers and their adjacent hit towers are 

again merged if they have Et that is less than twice the Et of the parent tower. This 

procedure is repeated until there are no adjacent hit towers. Finally after all clustering is 

finished, clusters are merged if the distance between the two is less than 0.7 in Tl - $ 
coordinates. 

Another jet finding algorithm, caUed CLUSD, is an Et~dependent window 

clustering. This algorithm is based on the hypothesis that the average momentum of 

particles transeverse to jet axis is independent of jet energy, in that case, the jet size in the 

11 - $ plane is inversely proportional to the jet Et In this algorithm, we start by picking 

up seed towers and hit towers in the same way as CLUST2. The cluster boundary radius 

is set to 12.0IEt (Et in GeV) and 0.6, whichever is smallest. After merging all of the 

hit towers within this boundary into a cluster, we recalculate Et sum and obtain new 
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cluster boundary radius with a new Et. This procedure is repeated until the fifth 

iteration or when the difference between the new and old Et is less than 2%. After 

clustering is finiShed, cluster merging is perfonned in the same way as in CLUSTI. 

In this analysis, we set the jet Et threshold to LO GeV. The jet energy was 

defined to be the simple sum of the EM and hadronic energy. A typical two jet event in 

the CDF is shown in Fig.6. The jet characteristics obtained with the CLUST2 

algorithm, such as jet El, jet center of gravity, EM energy fraction and number of 

towers , are shown. In this event, the two jets have Et's of 83 and 75 GeV. The 

opening angle in $ between the two jets is 184 degrees, indicating that th is event is a 

back-to-back 2 jet event. We also show the same event as it appears in the central 

tracking chamber. Many stiff tracks point to the two calorimeter clusters. From the 

tracking chamber, we can clearly recognize this as a clean two jet event. 
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Fig.6 A typical two-jet event 

(a) Calorimeter LEGO plot 
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(b) Central tracking chamber view 

When we analysed data, we found several backgrounds that cause fake jet 

events. Peculiar to the CDF environment is "Main Ring splash". background due to 

beam halo in the Main Ring which is located above the CDF detector and operates during 

data taking in order to produce antiprotons for the next flll. Phototube discharge results 

in signals in only one phototube of the two that are attached to a tower. The other 

backgrounds are common in collider experiments, namely: cosmic rays, electronic noise 

and beam gas backgrounds. 

In order to eliminate these backgrounds, the following cuts were applied to jet 

events: 

In the fIrst cut, 'Single PMT suppression', we set the tower energy to zero if the 

higber PMT energy is larger than 2 GeV while the lower is smaller than 0.1 GeV. With 

this cut we reduce backgrounds due to single phototubes and electronic noise. 

In the "TOF' cut, we make use of me infonnation from the hadron calorimeter 

scintillators, rejecting those events that occur outside of a 35 nsee window inside of the 

700 nsec event gate used for calorimeter signal readout. This cut reduces backgrounds 
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due to Main Ring splash, cosmic rays and beam·gas interactions by a factor of 20. 

In the "EM energy fraction" cut, we eliminate hadron-rich jets with an EM energy 

fraction that is less than 0.1. This also suppresses backgrounds due to Main Ring 

splash, cosmic rays and beam-gas interactions. 

Figure 7 shows the EM energy fraction in jets before and after the TOF cul The 

peak around a becomes small after the cut; the mean value of EM fraction is about 0.6. 
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Fig. 7 Electromagnetic energy fraction in j~ts . Broken line and solid line 

indicate the distributions of the EM energy fraction in jets before and 

after TOF cut, respectively. 

The following data samples were analysed for this talk: For the data with 

central total Et uigger thresholds of 20,30, 40 and 45 GeV, we applied leading jet Et 

thresholds of 30,40,50 and 70 GeV, ~espectively . The integrated luminosities for the 

analysed data samples are .17, 1.5 , II and 22 nb- I for leading jet Et threshold of 30, 

40,50 and 70 GeV; here the 50 GeV and 70 GeV data samples overlap. 

In the analysis of each event. the z vertex: was reconstructed using the 

infonnation from the Vertex TPC and used for calculating the pseudorapidity for each 
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tower center. The z vertex distribution is shown in Fig.8. The r.m.s . spread of z vertex 

was 35 cm. 
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Fig. 8 The z vertex distribution 

We discuss the following properties of jets: Jet azimuthal angle, 4>, 

distribution, the angular correlation between jets, and the jet size. The distribution of 

azimuthal angles for the jets is expected to be unifonn, in the absence of gain 

nonunifonnity and acceptance bias. The jet azimuth distribution was fitted with a 

constant straight line with a chi-square per degree of freedom of 1.2, as shown in Fig. 

9. This indicates that to within our current statistical precision, the calorimeter gains are 

unifonn and the acceptance is unbiased. 

The opening angle in 4> between the leading jet and the second highest Et jet is 

shown in Fig.10. The mean value is very close to 180 degrees and the spread is narrow. 

The tendency for jets to be back-to-back is clear from this plot 

Jet sizes are studied using the following variables: a$ is a standard deviation 

width of a jet in azimuth weighted by Et; a
Tl 

is the corresponding width in 
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pseudorapidity. A scatterplot of a¢l versus a" is shown in Fig.ll. Most of jets have 

the width smaller than 0.4 both in " and 41. A distribution for a one-dimensional 

jet-size parameter, D, defined as D = ..J (a¢l2 + a
Tl

2 ) 12, is shown in Fig.12; this 

plot indicates that the mean jet width is 0.19. 
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Fig. 9 The jet azimuth distribution. A fitted straight line is also shown in this figure. 

Fig.IO The opening angle in 41 between the leading jet and the second highest Et jet. 

Fig.11 A scatter plot of the jet width in azimuth ( a¢l ) versus the jet width in pseudo-

rapidity ( "11 ), 

Fig.12 One dimensional jet width (D ). A broken line and a solid line show the 

distribution of the jet width using CLUSTI and CLUST2. respectively, 

The jet properties mentioned so far are very similar for the CLUST2 and 

CLUSTI clustering algorithms. Only the jet-size distribution showed a slight difference 
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between the two approaches. 

We obtained inclusive jet Et distributions for the pseudorapidity range between .1 

and 1. The event samples already mentioned were used, corresponding to integrated 

luminosity of 24 nb- l (about two thirds of the total logged data sample). The data 

samples with leading jet Et above 30, 40 and 50 GeV are normalized to the data samples 

with leading jet Et above 70 GeV. Results using CLUSTI and CLUST3 are 

consistent with each other within the present statistical precision, as shown in Fig.13. 

We generated QeD jet events using ISAJET Version 5.20 8J with EHLQ structure 

function Solution 1 9] and simulated the events using the CDF detector simulation 

Monte Carlo program. The simulated data was analysed with the same analysis program 
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Fig. 13 Inclusive jet Et disnibutions for -1 <" < 1 using CLUSTI and CLUST3. 

Fig. 14 Monte Carlo Et cross section with ISAJET and CDF simulation program. 
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as used in the analysis of the real data using CLUST2. The slope of the COF Et 

distribution (Fig.I3) is consistent with the slope of the Monte Carlo Et distribution, 

shown in Fig.14. This indicates that the detector simulation of the acceptance and 

calorimeter response is reasonable and that the measured slope of the jet Et distribution is 

consistent with QCD. 

A number of corrections to the energy distribution still need to be made. These 

include correc tions for detector perfonnance such as for EM-hadron energy sharing, 

low energy response and lateral(crack) and longitudinal shower leakage. When we 

compare our results with theoretical QeD calculations at the parton level, we will need 

to correct for the differences between the jet energy and the final state parton energy. 

6. Summary 

Jet events are clearly observed in proton-antiproton collisions at a cms energy of 

1.8 TeV. Back-to-back jets are clearly seen. The mean jet size is 0.2 in a standard 

deviation in the Tl - q, plane using the CDF jet finding algorithms, CLUST2 and 

CLUSTI. Inclusive Jet Et distributions, formed using both jet finding algorithms are 

consistent with each other. It also has the same slope as predicted by the ISAJET 

Version 5.20 event generator and the CDF detector simulation program. 
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