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Abstract 

The CDF and DO Collaborations have collected 21.4 and 16.2 pb-1 of data, respec­
tively, during 1992-93 collider run at the Tevatron at .,;s = 1800 GeV. The results on 
new compositeness limit using the inclusive jet cross section, and the energy flow within 
a jet are described. The fraction of jets originating from gluons is measured in the dijet 
and the photon+jet sample using a global likelihood method. The multiplicity, mass, 
transverse energy and angular distributions of multijet events are described. In all stud­
ies the results are compared to leading order and next-to-leading order QCD calculations 
and various QCD inspired Monte Carlo models. Results are found to be consistent with 
these predictions. 



1 The Inclusive Jet Cross Section and Compositeness 
Limit 

The measurement of the inclusive jet cross section provides a simple but a fundamental test 

of QCD. The theoretical uncertainty on the next-to-Ieading order (O(a~)) calculation of the 

inclusive jet cross section is small for reasonable choices of the renormalization scale [1, 2]. 

Deviations from the standard model due to quark or gluon substructure are likely to be observed 

in large angle parton scattering, making studies of high ET jets an attractive method to look for 

hints of new physics. At high ET the jet production cross section is dominated by quark-quark 

scattering. The recent deep inelastic scattering experiments have made precise measurements 

of the structure functions F2 and F3 • As a result, the quark distributions are known accurately 

at high XBJ, the region which contributes to high ET jet production. 

The inclusive jet cross section is defined to be 

_1_ J drt dO' = _1_ ~ N jet 

i:::J.rt dETdrt i:::J.rt [, i:::J.ET 

where N jet is the number of jets in the ET range i:::J.ET, [, is the luminosity and i:::J.rt is the rt 

range of the data set used. In order to ensure that the energy is well measured, only those 

jets with the IrtD I range 0.1-0.7 are used, where rtD is the pseudorapidity of the jet calculated 

under the assumption that the interaction took place at z = O. The CDF central calorimeter 

covers IrtDI < 1.1[3]. 

We use a cone algorithm to reconstruct the jets[4] which is similar to the one used by next- . 

to-leading order (NLO) QCD calculations[l]. The jet ET is defined as the transverse component 

of the sum of the energy deposited by all the particles in a cone around the jet axis. In this 

analysis we use a cone of radius R=R+¢>2 = 0.7. The underlying energy (energy deposited 

by particles from fragmentation of spectator partons), measured using minimum bias events, 

is subtracted. The data are corrected for detector effects using the unsmearing procedure 

described in reference [5]. 

The measured cross section is in a good agreement with NLO QeD calculations using 

MRSDO' parton distribution functions. The details of the comparison are described in reference[6]. 

In this paper, the data are used to calculate the lower limit on the compositeness parameter 

Ac. The effect of adding a term representing a flavour-diagonal contact interaction between 

quarks to the Leading Order QCD (LO) Lagrangian has been calculated in reference [7]. 

We use the MRSBO parton distributions to evaluate the expected cross sections for various 

values of Ac. We scale the predicted cross section such that it agrees with the measured 

one in the range 95 < ET < 145 GeV, a region where the effect of a contact interaction is 

calculated to be small. The expected cross sections for different values of Ac divided by LO 

QeD cross section are shown in Fig. 1. The measured cross section, divided by LO QCD, is 

also superimposed. Comparing the predicted cross section with the data for ET > 200 GeV, we 

calculate the compositeness parameter Ac to be larger than 1450 Ge V at the 95% confidence 

level. 
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Figure 1: Comparison of Jet Cross Section with QCD+contact term predictions for various 
values of Ac. 

2 Internal Structure of the Jets 

As described in reference [6] the NLO QCD is successful in predicting the jet production 

cross sections, however fragmentation and hardonization of the partons is a complex process 

and the predictive power of QCD is limited, requiring the use of phenomenological models. 

Commonly used models include ISAJET[8] which is based on independent fragmentation; 

HERWIG[9] which is a parton shower Monte Carlo; and PYTHIA/ JETSET[ll] which is based 

on string fragmentation[10] and includes the parton showers for initial and final state partons. 

The O( a~) calculation[13] has also been used to describe the energy distribution inside a jet, 

Mathematically, the jet shape is defined by the average transverse energy density p(r): 



where 

e(r) == _1_ L: r Efr d
2 
N dEl 

N· t· } E' >E,m.in ET drdET' T Je Jets T T 

and Efr refers to the transverse energy of a tower in a jet and ET is the total transverse energy 

of the jet in a cone of size R. The integral shape parameter w(r) = J; p(r')dr', is fraction of 

jet ET deposited within a cone of size r where r is defines as r = J .6.ry2 + .6.(p with respect to 

jet axis[12J. 

The DO collaboration has measured the energy flow within a jet using calorimetric infor­

mation which has been corrected for detector effects. The clustering algorithm used is similar 

to the one described in [4J except DO splits the overlapping clusters into two jets if they share 

less than 50% of the energy. Otherwise they are merged into a single jet. For this study, the 

clustering is done with a cone size R = 1.0. In Fig. 2 the shape parameter w( r) is plotted for 

several ranges of jet transverse energy. As expected the jets become more collimated as the 

energy of the jets increases. In Fig. 3 the jet shape parameter for jets with ET in range 105-140 

Ge V is plotted. The jets are restricted to the pseudorapidity range Iry I < 0.2. Predictions from 

various Monte Carlo models are superimposed. These different Monte Carlo models describe 

the shape quite well except perhaps at very small values of r. 

The superimposed curves are based on O( ex;) QeD calculation [13J. Using re:o.ormalization 

scale f.L = ET /4 theory predicts that the jets are more collimated than what is experimentally 

observed whereas choice of f.L = ET gives a a better description. The difference between theory 

and data is further decreased by changing the jet merging procedure in the theory. The default 

procedure merges two partons into a single jet if they are less than a distance Rsep = 2R apart. 

Changing this merging distance to 1.3 R, the agreement between the O( ex;) theory and the 

data improves[13]. In reference [13] eDF data from 1988-89 run is compared with O( ex;) for 

various values of merging distance and renormalization scale. In the eDF analysis from 1988-

89 data[12], only the charge track information is used where as calorimetric information is used 

in the DO analysis presented here. 

3 Quark/Gluon Separation 

The average particle multiplicity in a gluon jet is expected to be higher than in a quark jet 

because of different color factors associated with gluons and quarks. Naively, in the asymp­

totic limit Q2 -+ 00, the ratio of multiplicities for quark and gluon jets is expected to be 

< n >g/ < n >q=9/4. However higher order corrections result in a smaller difference between 

quark and gluon jets[17]. At presently achievable Q2 values, this asymptotic limit is not reached 

and the agreement with experiments is rather poor. Still the difference in their multiplicities 

can be used to statistically separate the quark and gluon jets. At the high ET values, accessible 

at the Tevatron, the multiplicity is large and thus the differences between the quark and gluon 

jets is significant. We have used two Monte Carlo models HERWIG[9J and PYTHIA[llJ to 



predict the charge multiplicities and other properties of the quark and the gluon jets. Both 

of these modefs include the concept of planer color flow. The difference in the color flow 

associated with quark and gluon jets results in different fragmentation distributions. 

We use dijet and photon+jet data sets for the quark/gluon separation analysis. The se­

lection of dijet data is described in detail in reference [14] while photon+jet data and photon 

selection criteria are described in detail in [15]. The photon+jet includes the dijet background 

where one of the jets hadronizes into an isolated ')f0, 7] or other mesons which decay into pho­

tons. The multiple photons coming from these mesons have higher probability of conversion 

in the material in front of the calorimeter and this background can be separated only on a 

statistical basis. We divide photon+jet into two sets, I'-enriched ("I''' +jet) and ')fa-enriched 

("')f0" +jet), based on the observed transverse electromagnetic shower profile. 

At low ET dijet data are expected to be dominated by gg ---7 gg and gq ---7 gq subprocesses. 

The leading order processes contributing to I'-tjet events are gq ---7 I'q and qij ---7 I'g. The 

gq ---7 I'q dominates the low ET (XBJ) events because of the larger gluon density and color 

factors. The "')f0" +jet data should look like the dijet sample. 

The PYTHIA Monte Carlo predictions for the charged multiplicity distribution of the 

quark and gluon jets are shown in Fig. 4. A clear separation between the two types of the 

jets is predicted. The CDF dijet data lies closer to the gluons jets, though it has higher mean 

multiplicity than the predicted one. We have not made any attempt to tune the Monte Carlo 

to achieve a better agreement. As expected the photon+jet (including ')f0, 7] background) lies 

in between the curves for the gluon and the quark jets. 

The difference in the multiplicity distributions alone can be used to measure the fraction 

of jets originating from gluons. However, we have taken a step further and developed a like­

lihood method based on ten variables describing various properties of the jets. The method 

is described in detail in [16]. The variables include multiplicity, the electrical and mechanical 

moments of the longitudinal and transverse momenta of the particles and the electromagnetic 

fraction of the jets. The moments are defined as 
n 

Longitudinal Mechanical Moments = 'L( kL ) M)m 
i=l 

n 

Transverse Mechanical Moments = 'L( kT) M)m 
i=l 

n 

Longitudinal Electrical Moments = 'L Qi( kL ) M)m 
i=l 

n 

Transverse Electrical Moments = L Qi(kTjM)m 
i=l 

where Qi is the charge; and kLi and kTi are the longitudinal and transverse momenta of the 

ith particle with respect to jet axis and M is the invariant mass of the jet. Only the second 

moments, m = ±2, are used in this analysis. 

As quark jets have smaller multiplicity, they are expected to have tracks with relatively 

higher mean momenta (for same ET jets), thus making then more collimated. The gIuon jets 



contain more particles with lower mean momenta and therefore gluon jets tend to have higher 

fraction of energy deposited in electromagnetic calorimeter. We have used this likelihood 

method to find the gluon content of the jets in dijet events and photon+jet. As shown in Fig. 6 

more than 80% of the jets in dijet sample are gluon jets at low ET and the gluon fraction 

decreases with ET . The superimposed curves are LO QCD calculation using MRSDO and 

MRSD- parton distributions. The measured gluon fraction is higher than predicted, though 

within large systematic errors. 

The gluon fraction measured in "," j"7r0
" +jet events is shown in Fig. 7 using HERWIG and 

PYTHIA as references. As expected the gluon fraction in "7r0
" +jet is found to be higher than 

","+jet. 

4 High ~ET Multijet Events 

Within the framework of QCD, the high "EET events are produced in hard parton-parton scat­

tering. As shown in reference[6] LO and NLO QCD can predict the jet production rate quite 

successfully. Moreover we saw in Sec. 2, that internal structure of the jet and parton fragmen­

tation is also successfully described by On; QeD and QCD inspired Monte Carlo models. The 

next step is to study a system where multiple high ET jets are produced. Experimentally these 

events can be selected by triggering on large "EET where the sum is over all the clusters in 

the detector. These events are topologically complex and their study may help us understand 

higher order QCD processes. 

The events were selected online by requiring event to have "EET > 300 where the sum is 

over all clusters with ET > 10 GeV reconstructed with CDF jet clustering algorithm [4] using 

a cone size R = 0.7. The cosmic rays and beam halo events are rejected by requiring missing 

ET significance ($T / J"EET) to be less than 6.0. After the jet corrections the Er cut is raised 

to 420 GeV to be fully efficient. 

The jet multiplicity for jets with ET > 20 GeV in with 1771 < 3.0. is shown in Fig.8(a). 

The data is in good agreement with predictions from HERWIG[9] events passed through CDF 

detector simulation for the jet multiplicities less than six. For higher jet multiplicities, HER­

WIG underestimates the rate. It is surprising that a leading order QCD parton shower Monte 

Carlo is able to describe the production rate up to five jets. 

In Fig. 8(b), the mass for the multijet system is shown for 2,3,4,5 and 6 jet events. To 

ensure full acceptance, we require cos ()* to be less than 0.67 where ()* is the angle between 

highest ET jet and the beam. direction in center of mass system. The histograms shown 

are the HERWIG predictions. Again we see that HERWIG describes the data quite well. 

The superimposed curves are from LO QCD parton level calculation of 2 ---+ 2 and 2 ---+ 3 

processes (NJET)[18]. The MRSDO' parameterization is used for the parton distributions and 

the renormalization scale is given by the average jet ET. The multijet mass distributions are 

well described by both HERWIG and NJET calculation. In Fig. 9(a), the angular distributions 

of the hardest jet in the N-body rest frame are compared with Rutherford scattering, HERWIG 



Monte Carlo and the N JET calculation. They are all similar to Rutherford scattering and 

are also well described by HERWIG. The transverse momentum distribution of the jets in 

the multijet events are shown in Fig. 9(b). The QCD parton shower Monte Carlo gives a 

reasonable description of the jet transverse momenta for two-jet events, but does not give an 

adequate description of three-jet and four-jet events. The full LO matrix element calculation 

N JET gives a good description of jet transverse momentum distribution for two-jet and three­

jet events, thus perhaps probing the QCD matrix elements beyond the parton shower Monte 

Carlo approximation. 

5 Conclusions 

Using inclusive jet spectrum, we have measured the lower limit of 1450 GeV on the compos­

iteness parameter Ac. Studying the energy distribution within a jet, we find that the jets 

become more collimated as the energy of jets increases. The shape of the jets is well described 

by the HERWIG, PYTHIA and ISAJET Monte Carlos. Using a likelihood method based on 

the charge multiplicity and various moments, we find that our dijet data is dominated by gluon 

jets. The l'+jet data has larger fraction of quark jets than the dijet data. Various distribu­

tions characterizing the multijet events are well described by HERWIG Monte Carlo and LO 

QCD predictions (where available), except the jet multiplicity distribution where HERWIG 

underestimates the 2: 6 jet rate. 
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