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The global topologies of inclusive three- and four-jet events produceg imteractions are described. The
three- and four-jet events are selected from data recorded by the DO detector at the Fermilab Tevatron Collider
operating at a center-of-mass energy\Efz 1800 GeV. The measured, normalized distributions of various
topological variables are compared with parton-level predictions of tree-level QCD calculations. The parton-
level QCD calculations are found to be in good agreement with the data. The studies also show that the
topological distributions of the different subprocesses involving different numbers of quarks are very similar
and reproduce the measured distributions well. The parton-shower Monte Carlo generators provide a less
satisfactory description of the topologies of the three- and four-jet eV[311§56-282(196)01611-9

PACS numbgs): 14.65.Ha, 13.85.Ni, 13.85.Qk

INTRODUCTION all previous studies excluded the forward region and im-
posed severe limits on the scaled energy variables. These

The Fermilab Tevatron Collider provides a unique oppor-requirements in effect excluded most of the events from the
tunity to study the properties of strong interactionspp ~ comparisons. This paper extends these studies to previously
collisions at short distances. The hard scattering is describaghtested regions of phase space by removing those require-
by the theory of perturbative quantum chromodynamicaments and represents the most extensive tests of the topolo-
(QCD) [1-3] and has been studied extensively in the lastgies of the four-jet events. The measured distributions, with-
decadd4,5]. Within the context of QCD, the hard process is out restrictions on the topological variables themselves, are

described as a pointlike scattering between constituent pacompared with the QCD tree-level matrix element calcula-
tons (quarks and gluonsof protons and antiprotons. The tions. Unless otherwise specified, all distributions are nor-
scattering cross sections can be written in expansions imalized to unit area. The study shows that the QCD calcu-
terms of powers of the strong coupling constagtconvo-  lations reproduce the data well even in the phase space
luted with parton momentum distributions inside the "€gion unexamined by the previous studies. The predictions
nucleon. The lowest-ordeg? term corresponds to the pro- TOM simple phase-space matrix elements are shown as a

duction of two-parton final states. Terms of ordei and companson, and the distributions of QCD subprocgsses In-
volving different numbers of quarks are also examined. Fi-

0‘: In th? expansion imply the existence of three- and four'naIIy, the data are compared with the predictions of three
parton ﬂnallstates, respectlvely. Colored partons. frpm th‘f)arton-shower event generators.
hard scattering evolve via soft quark and gluon radiation and
hadronization processes to form observable colorless had-
rons, which appear in the detector as localized energy depos-
its identified as jets. High-energy jets originating from par-
tons in the initial hard scattering process are typically The topological variables used in this paper are defined in
isolated from other collision products. They are expected tdhe parton or jet center-of-mass systémm.s). The defini-
preserve the energy and direction of the initial partons, andions refer to partons and jets interchangeably. The partons
therefore the topologies of the final jet system are assumed @re assumed to be massless and the jet masses are ignored by
be directly related to those of the initial parton system. using the measured jet energies as the magnitudes of jet mo-
The cross section and angular distributions for two-jetmenta.
events have been successfully compared with the predictions The topological properties of the three-parton final state in
of QCD[5,6]. A study of three- and four-jet events allows a the center-of-mass system can be described in terms of six
test of the validity of the QCD calculations to higher order variables. Three of the variables reflect partition of the c.m.s.
(a2 or beyond and a probe of the underlying QCD dynam- energy among the three final-state partons. The other three
ics. This paper explores the topological distributions ofvariables define the spatial orientation of the planes contain-
three- and four-jet events. The distributions provide sensitivéng the three partons. It is convenient to introduce the nota-
tests of the QCD matrix element calculations. Topologicaltion 1+2—3+4+5 for the three-parton process. Here,
distributions for the three- and four-jet events have been pupumbers 1 and 2 refer to incoming partons while the num-
lished previously by the UA1, UA2, and CDF Collaborations bers 3, 4, and 5 label the outgoing partons, ordered in de-
[7-10]. However, all of these studies imposed requirementscending c.m.s. energies, i.&€;>E,;>Es. The final state
on the topological variables themselves, and therefore sigParton energy is an obvious choice for the topological vari-
nificantly reduced the phase space under study. For examplables for the three-parton final state. For simplicity,
Ei(i=3,4,5) is often replaced by the scaled variable
xi(i=3,4,5), which is defined by, =2E;/+/S, wheres is

DEFINITION OF TOPOLOGICAL VARIABLES

*Visitor from CONICET, Argentina. the center-of-mass energy of the hard scattering process. By
isitor from IHEP, Beijing, China. definition, X3+ Xx,+X5=2. The scaled parton energigsand
*Visitor from Universidad de Buenos Aires, Argentina. the angles between partons;(,j,k=3,4,5) for the three-

Svisitor from Univ. San Francisco de Quito, Ecuador. parton final state have the relationship
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,
a2 X4 FIG. 1. lllustration of the topological vari-
N ables x;, wj;, 63, and y* for the three-jet
events.
X3
2sinwiy orientation while the other six fix the internal structure of the

(1) four-parton system. In contrast to the three-parton final state,

there is no simple relationship between the scaled parton
wherei,j,k=3,4,5 andi #j#k. Clearly, the internal struc- ©€nergies and the opening angles between partons. Conse-
ture of the three-parton final state is completely determinedU€ntly, the choice of topological variables is less obvious in
by any two scaled parton energies. The angles that fix thhis case. In th!s paper, variables are defm_ed in a way similar
event orientation can be chosen to (g the cosiné of the to those mvestlgated_for the thre_e-parton final state. The four
polar angle with respect to the beam (&5sof parton 3,(2) partons are ordered in Qescenwng c.m.s. energy and Iab_eled

. from 3 to 6. The variables include the scaled energies
the azimuthal angle of parton 3$§), and (3) the angle

e Xi, i=3,...,6), the cosines of polar angles
between the plane containing partons 1 and 3 and the pIarfe' - . .
containing partons 4 and 5t ) defined by codd’, i=3,...,6) of thefour jets, the cosines of the open-

Xi =— . . ,
: Slnw34+ S|n(1)45+ Slnw53

ing angles between partons (egs i,j=3,...,6, andi
(P1XP3)- (P4X Ps) #j), and the scaled masseg(=m;;/\§, i,j=3,...,6
cogf* =—s— (20 andi#j) of parton pairs. In addition, two variables charac-
|P1X P3| [PaX Ps| terizing the orientation of event planes are investigated. One

R of the two variables is the "“Bengtsson-Zerwas” angle
wherep; is the parton momentum. Figure 1 illustrates the(xg,) [11] defined as the angle between the plane containing
definition of the topological variables for the three-partonthe two leading jets and the plane containing the two non-
final state. For unpolarized beartess at the Tevatronthe  leading jets:
¢3 distribution is uniform. Therefore, only four independent

kinematic variables are needed to describe the topological (P3X Pa)- (PsX Pg)
properties of the three-parton final state. In this paper, they COSypz= |Q <5 T AV | . 4
are chosen to be;, x5, cosds, and * . P37 PallPs Pe

Another set of interesting variables is the scaled invariantl.he other variable is the cosine of the

) . “Nachtmann-Reiter”
mass of jet pairs:

angle (co#\r) [12] defined as the angle between the mo-
mentum vector differences of the two leading jets and the

m“ H 1 .
Mijzfszixj(l—coan”)/z, i,j=345 andi#j,  Wo nonleading jets:
S
©) D3— Ps)- (Ps— P
COSGNR=(pf pf) (ﬁps ape). ®)
wherem;; is the invariant mass of partonsandj and wj; is |P3— Pal|P5— Pel

the opening angle between the two partons. The scaled in-, ) o )
variant mass £;;) is sensitive to the scaled energies of theFigure 2 illustrates the definitions gfsz and 0NR+va_r|abIe_s.
two partons, the angle between the two partons, and the coflistorically, xsz and cogr were proposed foe"e™ colli-
relations between these variables. Using dimensionless vaifions to study gluon self-coupling. Their interpretation
ables and making comparisons of normalized distributiond? PP collisions is more complicated, but the variables can
minimizes the systematic errors due to detector resolutioR€ Used as a tool for studying the internal structure of the
and jet energy scale uncertainty and therefore facilitatefour-jet events.
comparison between data and theoretical calculation.

The four-parton final state is more complicated. Apart THEORETICAL MODEL
from the c.m.s. energy, eight independent parameters are ) ) !
needed to completely define a four-parton final state in its | N€ €ross section for the production of theparton final

center-of-mass system. Two of these define the overall evefffate ¥2—3+---+(n+2), in pp collisions at a center-
of-mass energy/s, is described by the expression

Unless othenmse speufled, the absglute values of the cosines of o= 2 f fll(xl)flz(XZ)| M|”|2CI>ndX1dX2, (6)
polar angles are implied throughout this paper. I
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FIG. 2. lllustration ofyg,; and
O\r definitions for the four-jet
events.

where the sum runs over all possiblet{2— n)-parton sub- the number of partons involved. The parton-shower picture is
processes. The functiorféi(xl) and flz(Xz) are the parton derived within the framework of the leading logarithmic ap-
density functions of the incoming partor}#!"|? represents ~Proximation(LLA) [18]. As a result of the approximation,
the matrix elements of the subprocess, ahg is the the reliability of the parton shower is expected to decrease as
n-body phase space. TheoreticalM /|2 is well behaved if parton multiplicity increases. Many parton-shower Monte
calculated to all orders in the, expansion. At present, this Carlo event generators are available. In this paperwiG
calculation is technically not possible and one has to deat®[19] ISAJET 7.13[20], andPYTHIA 5.6 [21] are used.

with truncated expansion. As a resyl['|? diverges when
the energy of any final state parton or the angle between any
two partons approaches zero. The singularities| M{'|?
cause poles in the topological distributions. In comparison, a The data used in this analysis were collected with the DO
phase-space model in whichM[|?«x1/5""2, where detector during the 1992—-1993 Tevatron run at a center-of-
$=x;x,S, does not have singularities in the matrix element;mass energy of 1800 GeV. The DO detector consists of a
therefore, the topology of the model is determined by thecentral tracking system, a calorimeter, and muon chambers.
phase spac®,. In this paper, the distributions from the Jets are measured in the calorimeter, which has a transverse
phase-space model are used as references for the compd&ggmentation ol 7XA¢=0.1xX0.1. The jet energy resolu-
sons between the data and QCD. tion is typically 15% atE+=50 GeV and 7% aE;=150
Presently two approaches for modeling perturbative QCO>€V [22]. The jet direction is measured with a resolution of
for multijet production exist. The straightforward method is approximately 0.05 in botly and ¢. With the hermetic and
the matrix element method, in which Feynman diagrams argniform rapidity coverage | 4.5< 7<4.5) of the calorim-
calculated order by order ins. Technical difficulties have eter, the DO detector is well suited for studying multijet
limited the calculations to the tree level of the relevant pro-physics. A detailed description of the DO detector can be
cesses. The exact tree-level matrix element calculation foiound elsewherg23].
the three-parton final state has been available for some time The events used in this study passed hardwieneel 1)
[13]. The complete tree-level matrix element calculations forand softwarelevel 2) energy-cluster-based triggers. In addi-
up to five final state partons have been recently calculated b§jon, a level 0 hardware trigger required that vertices along
Berends, Giele, and KuijfBGK) [14] using a Monte Carlo the beam line be within 10.5 cm @f=0. The level 1 trigger
method. The other commonly used approximate calculationas based on energy deposited in calorimeter towers of size
are those of Kunszt and Stirling<S) [15] and of Maxwell ~A#nXA¢=0.2X0.2. The events were required to have at
[16]. The perturbative QCD calculations have been incorpoleast two such towers with transverse energy)(above 7
rated into several partonic event generators. The exact tre&eV. The successful candidates were passed to the level 2
level matrix elements calculations for up to five jets aretrigger, which summed transverse energies of calorimeter
implemented in theNJETS [14] program. PAPAGENO [17]  towers in a cone of radiuR[=(A 7°+A$?)Y?]=0.7. The
implements an exact matrix element calculation of tree-levelevel 2 trigger selected those events with at least one such
contributions for final states with up to three partons andcone, built around the level 1 trigger tower, with transverse
provides KS and Maxwell approximations for up to six par- energy above 50 GeV. The total effective luminosity used in
tons. These approximations are used in part to speed up tltkis analysis is 1.2 pb'. The trigger efficiency for events
calculations, in view of the complicated exact matrix ele-with at least one jet witlE;>60 GeV is above 90%31]. A
ments. For the analysis described in this paper,Nbers  detailed description of the trigger can be found elsewhere
program is used to calculate QCD predictions while the[24].
PAPAGENOprogram is used as a cross-check and to calculate The off-line reconstruction uses a fixed-cone jet algorithm
distributions from the phase-space model. with R=0.7, similar to the algorithm used in the level 2
The second approach is based on the parton-showdfigger. The jet reconstruction begins with seed calorimeter
scheme. In this method, the hard scattering begins with twtowers of sizeA XA ¢=0.1X0.1 containing more than 1
initial outgoing partons. An arbitrary number of partons areGeV transverse energy. Towers are represented by massless
then branched off from the two outgoing partons and the twdour-momentum vectors with directions given by the tower
incoming partongbackward evolutionto yield a description  positions and event vertices. The four-momenta of towers in
for multiparton production, with no explicit upper limit on the cone around the seed tower are summed to form the

DATA SAMPLE
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four-momentum vector of the jet. The jet direction is then
recalculated using tower directions weighted by their trans- 104t e DATA
verse energies. The procedure is repeated until the jet axis QCD caleulation
converges. For two overlapping jets, if either jet shares more
than 50% of its transverse energy with the other jet, the two
jets are merged. Otherwise, they are split and the shared 10
transverse energy is equally divided between the two jets.
The final jetE; is the sum of the transverse energies of
towers within the cone, while the jet direction is determined 102
by the jet four-momentum vectorE(E, E, .E;,), ie.,
6= cos XE,/\EZ+ Ey2+ E2), ¢=tan Y(E,/E,), and 7
=—Intan(6/2).

The jet energy scale has been calibrated using direct pho- 0 100 200 300 400 30 600 700 800
ton candidates by balancing jEt against that of the photon Mass (GeVIe)
candidate. The electromagnetic energy scale was determined |G, 3. The mass distributions of the selected three- and four-jet
by comparing the measured electron pair mass Obvents before the mass requirement. The QCD matrix element cal-
Z—e"e” events with theZ mass[25] measured bye*e™  culations are subjected to the detector simulation and are normal-
experiments. The calibration takes into account the effects dfed to the number of events in the data.
out-of-cone particle showering using shower profiles from
test beam data as well as the underlying event using evenggquired to be greater than 1.4, reducing the data sample to
from minimum-bias triggers. Details can be found in Ref.about 8400 events. To reduce potential bias at low mass
[26]. while keeping most of the four-jet events, the minimum in-

After energy corrections, jets are required to hde  variant mass of the leading four jets is kept at 200 G8V/
greater than 20 GeV and lie within a pseudorapidity range offhe mass distribution before this requirement is applied is
—3.0 to 3.0. The pseudorapidity is calculated with respect t&hown in Fig. 3. A total of 8100 events remains in the four-
the event vertex determined from tracks measured by thﬁt event sample. The four leading jets of the remaining
central tracking detector. Jets passing the above criteria a/ents are boosted to their center-of-mass system, and are
ordered in decreasingy. The Ey of the leading jet must be ordered in decreasing energy. Additional jets, if present, are
greater than 60 GeV to reduce possible trigger bias angjnored. The topological variables are calculated using the
threshold effects. four boosted momentum vectors after ordering in decreasing

Three-jet events are selected by further demanding thagnergy. No requirements on the topological variables are im-
there be at least three jets. This leaves about 94 000 events psed.
the sample. The separatidrR between jets is required to be
greater than 1.4, which is twice the cone size used, to avoid
systematic uncertainty associated with the merging or split-
ting of the cone jet algorithm. This requirement removes The partonic event generatesETsis used to calculate the
events with overlapping jets and therefore ensures good j&ixact tree-level QCD distributions. TIR&PAGENO program
energy and direction measurements. Approximately 70% ofs used to calculate the distributions of the phase-space
the events pass this requirement. The invariant mass distrinodel and the KS approximation. Unless otherwise speci-
bution of the three highedE jets is shown in Fig. 3. Also fied, the parton distribution function used in the calculations
shown is the distribution from the exact tree-level calcula-is Mrs ( BcDMS fit) [27] for both NJETSand PAPAGENQ The
tions of perturbative QCD after the detector simulation de-QCD scale parameter is set to 200 MeV and the renormal-
scribed below. The overall agreement between the data aridation scales are set to the average transverse momentum of
QCD distributions is good with the exception of the low- the outgoing partons for both matrix elements and parton
mass region, where the threshold and resolution effects amistribution functions. The outgoing partons are analyzed as
important. To reduce possible bias in this region, the invariif they were observed jets and the selection criteria described
ant mass of the three leading jets is required to be above 2Qfbhove are applied to select three- and four-jet events.
GeVic?. After all selection criteria, a sample of about 46 000  To study the sensitivity to the choice of parton distribu-
three-jet events remains. The surviving events are then trangien function, the topological distributions of QCD calcula-
formed to the c.m.s. frame of the three leading jets. Anytions with different parton distribution functions are com-
other jets in the event are ignored. The jets are reordered ipared. FOrNJETS the comparisons are made betweeRrs
descending energy in their c.m.s. system. The topologicgl27] and EHLQ [28] parton distribution functions. For
variables ks, X4, cosh, and ¢*) are calculated. Unlike PAPAGENOthe parton distribution functions oirs [27] and
previous studies by other experiments, no requirements oWlorfin and Tung[29] are employed. Although the total
these topological variables are imposed. If the topologicathree- and four-jet cross sections vary by as much as 30% for
requirements similar to those in R¢8] were imposed, the different parton distribution functions, the normalized topo-
three-jet event sample would be reduced by more than bbgical distributions are found to be relatively insensitive to
factor of 10. the choice. On average, the variation is about 4%.

Four-jet events are selected in a similar manner. Events As an example, the fractional difference in theeTscal-
are required to have at least four jets, which results in a dateulations using the two different parton distribution functions
sample of 19 000 events. ThER between any jet pair is is shown in Fig. 4a) as dashed line for the; variable of the

Events

PREDICTIONS OF THEORETICAL MODELS
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, : : : : Xz distribution of the three-jet events due to the uncertainty

________ Parton distribution function @ in the renormalization scale parameter.

Renormalization scale parameter . In the following comparison with the data, the variations

in the QCD calculations using different normalization scale
. parameters and parton distribution functions are calculated

______ on a bin-by-bin basis. The uncertainty in the QCD calcula-

0.05F T, tions is taken as the sum of these variations in quadrature.

Both NJETSand PAPAGENOincorporate tree-level calcula-

i l i t i I tions for three- and four-parton final states. The effect on the

-------- Jet energy scale normalized distributions due to higher-order loop corrections

0.05

T pasaor et I is expected to be small in the phase-space region relevant to
i the analyses described in this pagéf]. Although both
Monte Carlo programs generate exclusive events, the three
or four jets of the generated events predict the behavior of
0051 the leading three or four jets of an inclusive data sarfiplé
. ‘ , , Therefore the data distributions based on the inclusive
0.7 0.75 0.8 0.85 09 0.95 1 samples are compared with QCD calculations from exclusive
%3 final states in this paper.

0.05

Fractional Variation
G

FIG. 4. The fractional variations of the; variable of the three-

jet events for the different systematic sources discussed in the teXtUNCERTAINTIES OF THE MEASURED TOPOLOGICAL
for (a) the QCD calculations an() the data. Thex; distribution is

shown in Fig. %a) for both the data and the QCD calculation. The DISTRIBUTIONS
variatiqns _in different _bin§ are strongly correlated due to the fixed The measured distributions of topological variables are
normalization of the distribution. corrected for detector effectwrigger efficiency and detector
acceptance and resolutiorend hadronization effects before
three-jet events. The; distribution from theNJETS calcula- they are compared with the parton-level QCD calculations.
tions is shown in Fig. &). Because of the unit area normal- Most of these corrections and their uncertainties are mini-
ization of the distributions, the variations in different bins aremized by normalizing the distributions to unit area and by
correlated. selection requirements. In the following, residual uncertain-
The dependences on the renormalization scale are invetes are discussed.
tigated using theeAPAGENO program. The distributions for The nonuniformity of the detector acceptance and of the
the renormalization scales ¢f) the average transverse mo- trigger efficiency in the topological variables and the detec-
mentum, (2) one-half the average value of transverse mo-tor energy resolution and angular resolution have direct ef-
mentum, and3) the total transverse energy are comparedfects on the measured distributions. These effects are esti-
Despite large difference@s much as 60%in the total pro- mated using a fast detector simulation progrgt] which
duction cross sections, the differences between normalizetdkes into account the detector energy and angular resolution
distributions are very small, typically less than 2%. Figureand the trigger efficiency as functions of the pseudorapidity
4(a) (dotted ling shows the bin-by-bin uncertainty of the and the transverse energy of jets. The bin-by-bin correction

10— T T T T T 4T T T T T T
(@ e DATA o
o  DATA QCD ¢ calculation :
81 QCD ot: calculation 1 £y MEREEEEE Phase space ‘__E : N
....... Phase space : ‘
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FIG. 5. The scaled energy distributions(aj x; and(b) x5 for three-jet events in their center-of-mass system. The statistical errors are
represented by the inner error bars while the total erfwith the statistical and systematic errors added in quadnasuesrepresented by
the outer error bars. All distributions are normalized to unit area. The bottom plot shows the fractional difference of the data from the exact
tree-level QCD calculation. The dotted lines show the uncertainty of the QCD calculations estimated by varying the normalization scale
parameter and using different parton distribution function in the calculations as discussed in the text. The bin-by-bin systematic variations of
the x5 variable for data and the QCD calculations are shown in Fig. 4. The data are also listed in Table I.
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TABLE I. The measured; andxs distributions with their sta-  scale since only the scaled energies and directions of the jets
tistical errors for the three-jet events. The errors include both thegre used. Nevertheless, the event selection criteria, such as

statistical and systematic errors. E: and invariant mass requirements, are susceptible to the
uncertainty in energy scale error. The possible distortion of
X3 INdN/dx; Xs 1INdN/dxs the measured topological variables due to the uncertainty in
0.66—0.68 0.0Z0.01 0.075-0.100 0.150.02 the energy s_,cale is _studieq by varying t_he energy calibration
0.68—0.70 0.46:0.03 0.100-0.125 0.420.04 constants W|th|_n .thelr nominal errors whl_ch take into account
0.70-0.72 0.740.05 0.125-0.150 0.680.06 the pseudorap|d|ty—dependent systematic effect of Fhe energy
0.72-0.74 0.980.08 0.150-0.175 1.180.09 fsca::(;. The si[electll%n E[)rgceqtﬁr(t-:'hdescrlbzi_ aéaove If r?pe%ted
or the events calibrated wi ese modified constants. On
8;2:8;2 ig;ggg g;gg:g;gg igggg average, the variations in the_m_eas_urgd topological variables
' : ) ' : ' e are about 3%. The small variation is in part due to the fact
0.78-0.80 2.180.10 0.225-0.250 2.000.08 that the topological distributions change slowly with the jet
0.80-0.82 2.740.12 0.250-0.275 2.070.07 E; and the invariant mass of the jet system. The fractional
0.82-0.84 3.120.12 0.275-0.300 2.130.07 variation in thexs distribution of the three-jet events due to
0.84-0.86 3.940.14  0.300-0.325  2.130.06 the uncertainty in the jet energy scale is shown in Fig) 4s
0.86-0.88 4.710.14 0.325-0.350 2.160.06 a dashed line.
0.88-0.90 5.4%0.16 0.350-0.375 2.190.06 In the following, the measured topological distributions
0.90-0.92 6.220.21 0.375-0.400 2.270.06 after being corrected for detector and hadronization effects
0.92-0.94 6.220.32 0.400-0.425 2.240.07 are compared with the QCD tree-level calculations at the
0.94-0.96 5.5 0.31 0.425-0.450 2.320.07 parton level. The variations on the measured distributions
0.96-0.98 3.520.23 0.450-0.475 2.460.08 due to the uncertainties of the correction factors and the un-
0.98-1.00 0.720.06 0.475-0.500 2.540.08 certainty of the jet energy scale are calculated bin by bin.
0.500-0.525 2.640.09 These variations are added in quadrature bin by bin and the
0.525-0.550 2.3080.09 sum is assigned as systematic uncertainty of the measure-

0.550-0.575 1.840.07 ment for each bin. Finally, we note that changing the jet
0.575-0.600 1.370.09 separation requiremedR from 1.4 to 1.0 does not change
0.600—0.625 0.950.07 the degree of agreement between the data and QCD calcula-

0.625-0.650 0.580.04 tions.
0.650-0.675 0.090.01

TOPOLOGIES OF THREE-JET EVENTS

factors applied are flat within 5%. The uncertainties of the Figure 5 and Table | show the measusedandxs distri-
correction factors are estimated by varying the trigger effioutions for the final selection of three-jet events. The statis-
ciency and the detector resolutions within their errors. As arfical errors are represented by the inner error bars while the
example, the bin-by-bin fractional variation of thg distri- ~ Outer error bars represent the statistical and bin-by-bin sys-
bution of the three-jet events due to the uncertainty of thdématic errors added in quadrature. The three jets are labeled
detector corrections is shown in Fig(b} as a dotted line. N order of decreasing energy in their c.m.s. frame. The av-

The variations are very smalt{(1%) and are correlated from €rage values ok; and xs are 0.88 and 0.39, respectively.
bin to bin due to the normalization. The data are compared with the predicted distributions of the

After corrections for the detector effects, the measured*act QCD tree-level calculations and the expectations from
distributions are further corrected for hadronization effectshe phase-space model. The QCD calculations reproduce the
which are determined using th&ERWIG event generator. The mea_su'red distributions well for the entire range. Unl_lke the
parton-level distributions for three- and four-jet events arePredictions of the phase-space model, the data heavily popu-
compared with the distributions at the particle level. Partondate the highxs region and have significant contributions at
are defined as those quarks and gluons after the parton shol@W Xs values, a characteristic of gluon radiation. The de-
ering and before hadronization. The differences between thérease inxs distributions at highxs values is due to the
distributions before and after hadronization are found to bl R requirement in the event selection. The bottom plot
small, typically less than 4%. The uncertainties of the corshows the fractional difference between the data and the
rection factors are investigated using tABRWIG and the QCD predictions with dotted lines indicating the Uncertainty
PYTHIA event generators. The differences in the correctiorPf the QCD predictions using different normalization scale
factors between the two event generators are assigned as spgrameters and different parton distribution functions dis-
tematic uncertainties. Figure(®) (dot-dashed lineshows cussed above. The bin-by-bin variations of thevariable
the bin-by-bin fractional uncertainty of the distribution of ~ for both data and the QCD calculations from the different
the three-jet events due to the uncertainty of the hadronizasystematic sources discussed above are shown in Fig. 4.
tion corrections. The uncertainties are less than 2% for most The co#; distribution is shown in Fig. @. As in the
of the bins. Again, the bin-by-bin uncertainties are stronglyangular distribution of two-jet events, an angular dependence
correlated since the; distribution is normalized to unit area. characteristic of Rutherforichannel scattering is unmistak-

Another systematic uncertainty of the measured distribuable. The large angular coverage of the DO calorimeter al-
tions is the uncertainty of the jet energy scale. However, théows the analysis to cover the entire édgange, extending
topological variables have a weak dependence on the energfye study into a previously untested region of phase space.
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TABLE II. The measured cag and ¢* distributions for the three-jet events. The errors include both
statistical and systematic errors.

cos; 1/NdN/dcoss; o* UNdN/dy*
0.00-0.05 0.150.01 0.0-10.0 0.00740.0002
0.05-0.10 0.170.01 10.0-20.0 0.00790.0002
0.10-0.15 0.1%0.01 20.0-30.0 0.00780.0002
0.15-0.20 0.1820.01 30.0-40.0 0.00680.0002
0.20-0.25 0.1¢0.01 40.0-50.0 0.00560.0002
0.25-0.30 0.1¢0.01 50.0-60.0 0.00440.0002
0.30-0.35 0.250.01 60.0-70.0 0.00370.0001
0.35-0.40 0.260.01 70.0-80.0 0.00320.0001
0.40-0.45 0.280.02 80.0-90.0 0.00320.0001
0.45-0.50 0.3%0.02 90.0-100.0 0.00310.0001
0.50-0.55 0.4x0.02 100.0-110.0 0.00330.0001
0.55-0.60 0.530.02 110.0-120.0 0.00380.0001
0.60-0.65 0.660.02 120.0-130.0 0.00440.0001
0.65-0.70 0.920.03 130.0-140.0 0.00350.0002
0.70-0.75 1.26:0.04 140.0-150.0 0.00690.0002
0.75-0.80 1.680.04 150.0-160.0 0.00800.0002
0.80-0.85 2.160.05 160.0-170.0 0.00790.0002
0.85-0.90 2.780.06 170.0-180.0 0.00%30.0002
0.90-0.95 3.6Z20.08

0.95-1.00 3.86:0.09

As is evident in the figure, the data are well reproduced byergies, the opening angles between jets, and the correlations
the predictions of the exact QCD tree-level calculations ovebetween these quantities. The measuigd, was, and s
the entire range of c@%. The phase-space distribution is distributions for the three-jet event sample are compared
mostly flat with high-cogj bins suppressed as a result of thewith the exact QCD predictions in Fig. 7. The QCD predic-
pseudorapidity requirement in the event selection. The depldions agree with the data well, while the differences between
tion in the data and the QCD calculations is compensated bthe data and the phase-space model are large. We also note
a large cross section in this region and therefore is less vighat some systematic shift ipss and w5 distributions is
ible. The measureds* distribution is shown in Fig. ®) clearly visible.
together with the results of the exact QCD tree-level calcu- We note that the KS approximate QCD calculations are
lation and of the phase-space model. The phase-space disteissentially identical to the exact tree-level QCD calculations
bution shows depletions at small and larg& angles, an for the topological variables studied above. This implies that
effect of the event selection. However, the data and the QCIthe topological distributions are insensitive to the approxima-
distributions are enhanced in these regions because of initialion made in the KS calculations. Finally, we also note that
state radiation in which one of the two nonleading jets iscompared with an earlier stud] of the topologies of the
close to the beam line. As in the case of the x5, and three-jet events, the c@ region studied has been expanded
cosd; distributions, the overall agreement between data anffom 0.8 to 1.0, thexs upper limit from 0.9 to 1.0, and the
the QCD tree-level calculations is very good. Y* range from 20¥* <160° to 0°<y*<180° for a

The scaled mass distributions are sensitive to the jet erminimum three-jet invariant mass of 200 Ge¥/ The ex-
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of the QCD calculations described in the text.
The data are also listed in Table II.
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FIG. 7. The scaled mass distributions(af u34, (b) was, and(c) uas for the three-jet events in their center-of-mass system. The bottom
plots show fractional differences between the data and QCD. The dotted lines represent the uncertainty of the QCD calculations described
in the text. The data are also listed in Table IIl.

tension of the phase space dramatically increases number #present the statistical and bin-by-bin systematic errors
events under study since the cross section peaks strongly added in quadrature. The four jets are labeled in order of
these regions of phase space. decreasing energy in their center-of-mass system. Although
four scaled energy variables are shown, only three of these
are independent. The other is fixed by the condition
3iX;=2. The measured mean values of the four energy frac-
The four measured energy fractions of four-jet events aréions are 0.76, 0.61, 0.39, and 0.24. The QCD predictions of
shown in Fig. 8 and also listed in Table IV. The inner errorthe exact tree-level calculations are represented by the solid
bars represent the statistical errors while the outer error baurves and are in an excellent agreement with the data for all

TOPOLOGIES OF FOUR-JET EVENTS

TABLE Ill. The measuredus,, pas, and uss distributions for the three-jet events. The errors include
both statistical and systematic errors.

M34 IUNdN/dps, M35 1NdN/duss Mas UNdN/dpys
0.58-0.60 0.280.03 0.22-0.24 0.160.01 0.08-0.10 0.090.01
0.60-0.62 0.810.06 0.24-0.26 0.260.02 0.10-0.12 0.260.02
0.62-0.64 1.350.09 0.26-0.28 0.340.03 0.12-0.14 0.490.03
0.64-0.66 2.040.06 0.28-0.30 0.570.05 0.14-0.16 0.860.05
0.66-0.68 2.66:0.08 0.30-0.32 0.840.06 0.16-0.18 1.320.06
0.68-0.70 3.5%£0.10 0.32-0.34 1.280.08 0.18-0.20 1.680.07
0.70-0.72 3.76¢0.10 0.34-0.36 1.650.08 0.20-0.22 2.240.10
0.72-0.74 3.62£0.09 0.36-0.38 1.910.07 0.22-0.24 2.690.11
0.74-0.76 3.490.09 0.38-0.40 2.150.08 0.24-0.26 3.150.11
0.76-0.78 3.480.09 0.40-0.42 2.350.07 0.26-0.28 3.380.09
0.78-0.80 3.490.10 0.42-0.44 2.490.08 0.28-0.30 3.690.09
0.80-0.82 3.530.09 0.44-0.46 2.650.09 0.30-0.32 3.70.10
0.82-0.84 3.540.09 0.46-0.48 2.780.10 0.32-0.34 3.580.10
0.84-0.86 3.650.10 0.48-0.50 2.920.10 0.34-0.36 3.480.08
0.86-0.88 3.490.13 0.50-0.52 3.300.10 0.36-0.38 3.2980.09
0.88-0.90 3.36¢0.15 0.52-0.54 3.380.10 0.38-0.40 2.910.08
0.90-0.92 2.3%0.16 0.54-0.56 3.740.11 0.40-0.42 2.570.07
0.92-0.94 1.220.10 0.56-0.58 4.010.13 0.42-0.44 2.360.07
0.94-0.96 0.480.05 0.58-0.60 3.910.13 0.44-0.46 2.090.07

0.60-0.62 3.380.12 0.46-0.48 1.880.07

0.62-0.64 2.660.11 0.48-0.50 1.570.06

0.64-0.66 1.930.09 0.50-0.52 1.160.06

0.66-0.68 1.130.06 0.52-0.54 0.960.05

0.68-0.70 0.38:0.02 0.54-0.56 0.560.04

0.56-0.58 0.150.02
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FIG. 8. The jet energy fraction distributions for the four-jet

events in their center-of-mass system. All distributions are normal- FIG. 9. The distributions of jet polar angle for the four-jet
ized to unit area. The statistical errors are represented by the inn€vents in their center-of-mass system. The statistical and total errors
error bars while the total errofsvith the statistical and systematic are represented by the inner and outer error bars, respectively. The
errors added in quadratQrare represented by the outer error bars.data are also listed in Table V.
The data are also listed in Table IV.
culations in Fig. 9 for the entire range. While the two leading

four variables. As in the three-jet case, the distributions fronjets tend to be in the forward region, the cosine distribution
the phase-space model do not reproduce the data. The fraef the least energetic jet is essentially flat, because the jet
tional differences between the data and QCD are very similageparation requirement in the event selection favors events
to those of the three-jet events and are not shown for simwith other jets in the central region. Although small differ-
plicity. ences between the data and the QCD calculations are visible,

The cosines of the four polar angles of the four-jet eventghe overall agreement is good. Despite the large differences
in their center-of-mass system are compared with QCD calbetween the data and the phase-space model 6 carsd

TABLE IV. The measured jet energy fraction distributions for the four-jet events in their center-of-mass
system. The errors include both statistical and systematic errors.

X3 1/NdN/dx3 Xy I/NdN/dx, X5 1I/NdN/dxg Xg 1/NdN/dxg

0.050-0.075
0.075-0.100
0.100-0.125
0.125-0.150
0.150-0.175
0.175-0.200
0.200-0.225
0.225-0.250
0.250-0.275
0.275-0.300
0.300-0.325
0.325-0.350
0.350-0.375
0.375-0.400
0.400-0.425
0.425-0.450
0.450-0.475

0.180.04
0.950.11
1.9600.21
3.3860.35
3.860.32
4.590.32
4.510.28
4.270.21
3.790.19
3.260.19
2.930.16
2.280.17
1.840.16
1.340.17
0.820.14
0.520.10
0.150.04

0.525-0.550
0.550-0.575
0.575-0.600
0.600-0.625
0.625-0.650
0.650-0.675
0.675-0.700
0.700-0.725
0.725-0.750
0.750-0.775
0.775-0.800
0.800-0.825
0.825-0.850
0.850-0.875
0.875-0.900
0.900-0.925
0.925-0.950

0.140.03
0.430.08
1.110.14
1.480.13
2.180.20
2.750.19
2.920.18
3.370.19
3.410.18
3.520.19
3.6¥0.22
3.580.19
3.290.21
2.840.21
2.330.24
1.630.23
1.020.16

0.39-0.42
0.42-0.45
0.45-0.48
0.48-0.51
0.51-0.54
0.54-0.57
0.57-0.60
0.60-0.63
0.63-0.66
0.66-0.69
0.69-0.72
0.72-0.75
0.75-0.78
0.78-0.81
0.81-0.84
0.84-0.87
0.87-0.90

0.180.03
0.360.06
1.120.17
2.340.26
3.680.27
4.480.24
4.550.19
3.960.18
3.270.16
2.670.15
2.090.14
1.720.13
1.250.14
0.880.11
0.540.08
0.280.05
0.120.03

0.100-0.125
0.125-0.150
0.150-0.175
0.175-0.200
0.200-0.225
0.225-0.250
0.250-0.275
0.275-0.300
0.300-0.325
0.325-0.350
0.350-0.375
0.375-0.400
0.400-0.425
0.425-0.450
0.450-0.475
0.475-0.500
0.500-0.525

0.150.03
0.300.04
0.460.06
0.830.09
1.1#0.11
1.340.13
1.8600.15
2.630.15
2.510.17
2.810.15
3.190.16
3.690.18
4.240.20
4.360.20
4.050.23
3.370.30
2.220.26

0.950-0.975

0.320.07

0.525-0.550
0.550-0.575
0.575-0.600

1.680.15
0.5%0.10
0.1%10.03
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TABLE V. The measured jet cosine distributions for the four-jet events in their center-of-mass system.
The errors include both statistical and systematic errors.

co* 1/NdN/dcosd; 1/NdN/dcosd; 1NN/ dcost 1/NdN/dcosd;
0.00-0.05 0.180.03 0.270.04 0.6G:0.06 1.06-0.10
0.05-0.10 0.160.03 0.24-0.04 0.58-0.07 0.8%-0.10
0.10-0.15 0.120.02 0.29:0.04 0.570.07 1.05-0.12
0.15-0.20 0.220.04 0.27-0.03 0.60-0.08 0.93:0.10
0.20-0.25 0.180.03 0.27-0.04 0.62-0.08 0.95-0.10
0.25-0.30 0.220.04 0.33:0.04 0.59-0.07 0.930.11
0.30-0.35 0.220.03 0.33:0.04 0.74£0.08 0.96:0.11
0.35-0.40 0.220.04 0.29:0.04 0.68-0.07 0.92:0.11
0.40-0.45 0.340.04 0.42£0.05 0.74£0.08 0.940.10
0.45-0.50 0.340.04 0.46-0.05 0.73:0.07 0.92£0.10
0.50-0.55 0.3%0.05 0.46:£0.06 0.86-0.07 1.05-0.11
0.55-0.60 0.480.05 0.58-0.06 0.75-0.06 1.140.12
0.60-0.65 0.6%0.05 0.64-0.06 0.95-0.07 1.13:0.09
0.65-0.70 0.7Z0.06 0.77-0.06 0.96-0.06 1.16:0.08
0.70-0.75 0.96:0.06 0.88-0.06 1.13:0.07 1.16-0.08
0.75-0.80 1.180.07 1.05-0.07 1.32£0.07 1.18-0.08
0.80-0.85 1.630.08 1.46-0.09 1.68-0.09 1.26-0.09
0.85-0.90 2.26:0.10 2.1%0.10 2.13:0.10 1.23:0.09
0.90-0.95 3.580.15 3.56£0.13 2.58-0.12 0.95-0.07
0.95-1.00 5.980.17 5.3%0.19 1.2G-0.08 0.310.04

cogd; distributions, the differences in the other two distribu- pairs of the four-jet events in their center-of-mass system.

tions are relatively small.

While the two leading jets are mostly back to back, the

The internal event structure can be further understood b@ngles between other jet pairs are distributed widely. The

examining the opening angles between jets. Figure 10 sho
the distributions of the space angle between all possible j

5 T T T

COS(D34

. DATA
QCD oc: calculation

------ Phase space

COSM;4

1/N dN/dcosw

0.75
0.5
025

pletion in the regions where eqs—1.0 is again due to the
‘R requirement in the event selection. The structures of the
ata distributions are well described by the QCD predictions.

Figure 11 shows the scaled mass distributions of jet pairs
of the four-jet events for both data and the QCD calculations.
The average scaled mass is 0.65 for the two leading jets and
is 0.23 for the two nonleading jets. The QCD calculations
agree with the data well. Distributions of the phase-space
model are generally too narrow and fail to reproduce the data
distributions.

Figure 12 compares the measurgg, and cogyg distri-
butions with the predictions of the exact tree-level QCD cal-
culations as well as those from the phase-space model. The
agreement between the data and QCD is generally good and
the differences between the data and the phase-space model
are large. Although the jet separation requirement in the
event selection favors largesz, the data and the QCD dis-
tributions have significant contributions in the smegll, re-
gion, which corresponds to a planar topology of the four jets.
In contrast, the phase-space distribution is highly suppressed
in this region. The ca&y distributions for the data and QCD
are essentially flat while the phase-space model peaks
strongly as coé\r approaches zero.

For the four-jet events as was the case for the three-jet
events, the normalized distributions from the KS approxi-
mate QCD calculations agree well with the data.

COMPARISON OF QCD SUBPROCESSES

FIG. 10. Distributions of the space angle between jet pairs for ' _ . _
the four-jet events in their center-of-mass system. The statistical At the parton level, five and six partofiscluding the two
and total errors are represented by the inner and outer error barglitial partong are involved in the three- and four-jet pro-

respectively. The data are also listed in Table VI.

cesses, respectively. It is difficult, if not impossible, to label
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TABLE VI. The measured distribution of the cosine of space angles between pairs of jets for the four-jet events in their center-of-mass
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system. The errors include both statistical and systematic errors.
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COsw;; 1/NdN/dcoswg,  1/NdN/dcoswss  1/INAN/dcoswzg  1/INdN/dcoswss  1/NdN/dcosws,g  1/NdN/dcoswsg
—1.0to—-0.9 4.565-0.092 1.186:0.062 0.54& 0.046 0.043%0.009 0.40%0.030 0.7740.039
—091t0—-0.8 2.25@:0.071 1.4840.064 0.49%0.036 0.15%*0.020 0.50& 0.035 0.5340.035
-0.8t0—-0.7 1.2070.051 1.421#0.077 0.516:0.040 0.258:0.029 0.5330.039 0.6210.034
-0.7t0-0.6 0.815-0.045 1.1480.059 0.581-0.050 0.299:0.031 0.536:0.040 0.594:0.035
-0.6t0—-0.5 0.450:0.037 0.956:0.053 0.64%0.057 0.3380.030 0.546:0.043 0.544:0.038
—05t0—-0.4 0.286-0.032 0.826:0.048 0.606:0.055 0.40&0.032 0.5440.045 0.59%0.041
—04t0—-0.3 0.194-0.029 0.76& 0.045 0.6470.062 0.426:0.032 0.5630.043 0.606:0.042
—-0.3t0-0.2 0.096-0.019 0.552-0.038 0.6630.064 0.50%0.037 0.53%0.045 0.6330.044
-0.2t0-0.1 0.0570.014 0.4440.034 0.688:0.059 0.572-0.038 0.545:0.052 0.665:0.044
-0.1-0.0 0.026:0.008 0.38%0.036 0.6430.054 0.615:0.038 0.61$0.057 0.676:0.047
0.0-0.1 0.02%0.007 0.26%0.029 0.7040.050 0.7140.042 0.5920.053 0.73%0.053
0.1-0.2 0.0220.008 0.21#*0.026 0.69& 0.045 0.746:0.044 0.6370.058 0.737%0.048
0.2-0.3 0.0080.004 0.1280.021 0.586:0.041 0.77%0.047 0.601 0.052 0.69%0.045
0.3-0.4 0.10%0.019 0.508:0.036 0.814:0.048 0.594:0.054 0.465:0.037
0.4-0.5 0.0630.014 0.4010.032 0.75@:0.050 0.568 0.053 0.4010.032
0.5-0.6 0.03%0.010 0.3610.031 0.7440.050 0.5120.049 0.30€0.029
0.6-0.7 0.0220.007 0.30%0.036 0.68&0.049 0.4250.043 0.2150.028
0.7-0.8 0.00%:0.003 0.2280.029 0.626:0.048 0.40%:0.044 0.1180.017
0.8-0.9 0.002-0.002 0.1430.021 0.421#0.032 0.266:0.031 0.066:0.011
0.9-1.0 0.03%0.009 0.123*0.014 0.05&0.010 0.01*0.004

guark or gluon jets in the data. However, with Monte Carlotional contributions byNJETSto the total three-jet cross sec-
event generators, the three-jet cross section can be brokéion for the selection criteria described above are 32.9%,
into three subprocesses involving different numbers 060.8%, and 16.2% for zero-quark, two-quark, and four-quark

guarks among the initial- or final-state partor{) zero-
quark,(2) two-quark, and3) four-quark. The predicted frac-

subprocesses, respectively. Similarly, the four-jet process
can be divided into1) zero-quark(29.4%, (2) two-quark
(49.6%, (3) four-quark (20.299, and (4) six-quark (0.7%)

e DATA
QCD ag calculation
(<] p— Phase space

Hay

s

subprocesses.

The studies described above show that the QCD calcula-
1 tions agree well with the data. It is therefore interesting to
examine the topological distributions of these subprocesses.
Figures 18a) and 13b) show thex, and co#j distributions
of the three-jet events and Figs. (€8and 13d) show the

/N dN/dp
=
T

x5 and cogk distributions of the four-jet events predicted by

i the exact tree-level QCD calculatioffsill QCD) and by the

i QCD calculations of the three subprocesses. The full QCD is

normalized to unit area and the subprocesses are normalized
to the fractional contribution to their respective total cross

. section. The data distributions are normalized to the respec-
tive QCD distributions. The distributions of the subprocesses

are remarkably similar and agree well with the data. The

Hse six-quark subprocess contributes less than 1% of the total

] cross section of the four-jet events and therefore is not shown
in Figs. 13c) and 13d). Nevertheless, the normalized distri-
butions are very similar to those of the other three subpro-
1 cesses. The similarity of the subprocesses is observed in all

0 02

04

0.6 0.8

other variables of the three- and four-jet events investigated
in this paper. This suggests that the distributions are insensi-
tive to the relative contributions of these subprocesses to the

FIG. 11. Distributions of scaled jet pair mass for the four-jet total cross section and therefore have weak dependences on
events in their center-of-mass system. The statistical and total errof§e quark-gluon content in parton distribution functions. Fur-
are represented by the inner and outer error bars, respectively. TliBermore, Rutherford characteristics are visible in®adis-
data are also listed in Table VII.

tributions for all subprocesses, implying that the matrix ele-
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TABLE VII. The measured distribution of scaled jet pair masses for the four-jet events in their center-
of-mass system. The errors include both statistical and systematic errors.

i) 1NAN/dug, 1NANdugs 1UNANdpss LUNANdpss 1NANdugs 1NAN/duss
0.00-0.03

0.03-0.06

0.06-0.09 0.1£0.03 025004 033005 0.520.07
0.09-0.12 046007 078009 108011 1.720.16
0.12-0.15 112016  15#0.17 1.96:020  3.310.28
0.15-0.18 0.040.02 159017 212018 279019  4.54-0.23
0.18-0.21 0.180.03 2.06:0.18 2550.18 345017 5.24-0.25
0.21-0.24 0.120.05 3.01021 272020 426020 4.770.27
0.24-0.27 0.320.07  3.3%021 299020 432020  3.98-0.23
0.27-0.30 0.620.10  3.60:0.19  3.4%021 401019  3.160.19
0.30-0.33 124014  3.90:021  3.330.18 353022  2.310.19

0.33-0.36 0.06:0.02 1.570.13 3.48:0.22 2.92£0.21 2.870.22 1.64-0.14
0.36-0.39 0.020.03 2.13-0.15 3.16:0.20 2970.21 2.13-0.24 1.04-0.13
0.39-0.42 0.1£0.03 2.8%-0.16 2.81-0.21 2.71%0.26 1.46:0.21 0.5%-0.10
0.42-0.45 0.240.05 3.52:0.20 2.04-0.21 2.25-0.22 0.83:0.13 0.28-0.05
0.45-0.48 0.68:0.10 4.370.24 1.58-0.22 1.470.20 0.370.06 0.09-0.02
0.48-0.51 1.050.12 4.910.24 0.86-0.11 0.94-0.13 0.02-0.01

0.51-0.54 1.630.16 4.58-0.26 0.24£0.04 0.26:0.04

0.54-0.57 2.730.19 3.63:0.32 0.04£0.01

0.57-0.60 3.850.24 2.03:0.26

0.60-0.63 3.790.19 0.8%:0.12

0.63-0.66 4.150.21 0.23:0.04

0.66-0.69 3.620.19

0.69-0.72 3.120.19

0.72-0.75 2.640.19

0.75-0.78 2.06:0.20

0.78-0.81 1.580.17

0.81-0.84 1.040.12

0.84-0.87 0.550.09

0.87-0.90 0.2%0.05

ments of these subprocesses are dominated by thexact tree-level QCD calculations. However, in many inves-
t-channel exchange. tigations, parton-shower Monte Carlo event generators are
used to model multijet production. Therefore, it is interesting
to compare the data distributions with those predicted by
parton-shower event generators.

As an example, the; and co#j distributions of three-jet

As discussed above, the measured topological distribuevents andus, and usg distributions of four-jet events are
tions of three- and four-jet events are reproduced well by theshown in Fig. 14 for the data and for tRERWIG 5.8 ISAJET

COMPARISON WITH PARTON-SHOWER EVENT
GENERATORS

TABLE VIII. The measuredygz and co#r distributions for the four-jet events. The errors include both
statistical and systematic errors.

XBZ 1/NdN/dyg, CO\Rr 1/NdN/dcosHyr
0.0-10.0 0.00730.0004 0.0-0.1 1.020.06
10.0-20.0 0.00790.0004 0.1-0.2 1.0%0.06
20.0-30.0 0.00890.0004 0.2-0.3 0.980.05
30.0-40.0 0.01030.0004 0.3-0.4 0.980.06
40.0-50.0 0.01080.0005 0.4-0.5 0.990.06
50.0-60.0 0.01280.0006 0.5-0.6 0.980.06
60.0-70.0 0.01320.0006 0.6-0.7 0.960.06
70.0-80.0 0.014460.0007 0.7-0.8 0.990.06

80.0-90.0 0.01480.0010 0.8-0.9 1.04¢0.07
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the parton-shower generators describe the general structures
of these variables well, differences in details are clearly vis-
preeee ible. The largest difference is seen in the @pslistribution.
: All three parton-shower event generators show excessive
® DATA : contributions in the forward region.
QCD o calculation T To generate three- and four-jet events using the parton-
""""" Phase space ; shower generators, one has to start with 2 processes with
apy cut and select events with hard gluon radiation. We note
that a large fraction of the Monte Carlo events in the forward
§ region which pass the 60 GeV leading [t requirement
have a 2-»2 process withpt<<50 GeVE. Presumably the
leading jets of the these events are from hard initial-state
radiation. This observation suggests that the initial-state ra-
diation is not well modeled by these parton-shower genera-
: tors in the phase-space region studied in this paper.
0.005} e ' Although only four topological distributions are shown
e T here, we have compared all other variables investigated in
this paper. Apart from the c@$ distributions, theHERWIG
' l i ' ' ' event generator provides a reasonably good description of
0 10 20 30 40 50 60 70 80 90 the data while the differences between the data and the pre-
Xpz (degree) dictions of ISAJET and PYTHIA event generators are large in
many distributions. Overall, theErRwIG event generator de-
scribes the data better than tisaJeT and thepyTHIA do.

0.03

()

1

0.025

0.02|-

0.015

1/N dN/dy,,,

0.01

25

e DATA
—— QCD o calculation SUMMARY

...... ) weeee-. Ph —
. ase space From the data sample recorded by the DO detectgrpn

: collisions at \'s=1800 GeV at the Tevatron during the
1.5} E 1992-1993 running period, high-statistics three-jet and four-
"""" jet event samples have been selected. A large number of
distributions characterizing the global structures of the inclu-
sive three- and four-jet events have been compared with
QCD calculations of the exact tree-level matrix elements and
with calculations of QCD subprocesses involving different
numbers of quarks. This paper extends earlier studies to pre-

05k R viously untested regions of phase space for a large number of

topological variables. All comparisons have been made with
the parton-level distributions and based on normalized distri-
butions rather than cross sections.

For the three-jet events, the investigated topological vari-
ables are the energy fractions carried by the two leading jets,
the cosine of the leading jet polar angle, the angle between
N the plane containing the leading jet and the beam line, the

FIG. 12, T.he .d'smb”t'on of the angle b.etwgen the planeof plane containing the two nonleading jets, and the scaled in-
the two leading jets and the two nonleading jets aithe mo- variant masses of the jet pairs. In the case of the four-jet
mentum vector differences of the two leading jets and the two non- . ' .
leading jets, for four-jet events in their center-of-mass system. Th vents, the energy fractlons and _the cosines of the_ po'fm’
statistical and total errors are represented by the inner and outé‘ngleS of all foqr Jets’, the six opening angles, Scale_d invarl-
error bars, respectively. The data are also listed in Table viil. 2Nt masses of jet pairs, and the angles between jet planes

have been studied.
7.13 and PYTHIA 5.6 parton-shower event generatér3he Studies show that the measured topological distributions
Monte Carlo distributions are calculated using parton jetf the three- and four-jet events are well reproduced by the
which are formed by quarks and gluons after parton showerexact tree-level matrix elements QCD calculations. The good
ing and before hadronization. The parton jets are initiallyagreement implies that the topological distributions of the
reconstructed using a cone jet algorithm implemented in théhree- and four-jet events are consistent with the tree-level
PYTHIA program[21]. Then the jet direction is redefined us- diagrams and therefore the topological distributions are not
ing a DO jet direction definition discussed above. Althoughvery sensitive to higher-order corrections. Furthermore, the

distributions are found to be insensitive to the uncertainties

in parton distribution functions and to the quark-gluon flavor

2All parton-shower events are generated wittpa=10 GeVt  of the underlying partons. The dominance of taehannel

cutoff for the initial 2—2 hard scattering, using their default pa- gluon exchange to a large extent determines the structure of
rameters. the event. The differences between the data and the phase-
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FIG. 13. The(a) x4 and (b) cosd; distribu-
tions for three-jet events and the) x5 and (d)
cos: distributions for four-jet events in their
center-of-mass system. The QCD subprocesses
are normalized to their fractional contributions to
the respective total cross section for the selection
criteria described in the text. The data are scaled
to the normalization of the respective subprocess
of the QCD calculation. Therefore, only the
shapes of the subprocesses are compared. The er-
ror bars on the data include both statistical and
systematic errors.

FIG. 14. Comparisons between the data, exact
tree-level QCD calculations, anERWIG, ISAJET,
andPYTHIA Monte Carlo predictions. Shown are
(a) the scaled energy of the leading jet dbiithe
cosine of the leading jet for three-jet events, and
the scaled invariant mass distributions(of the
two leading jets andd) the two nonleading jets
for four-jet events. The error bars on the data
include both statistical and systematic errors.
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space model are large for most of the distributions. Finallyjnstitutions for their contributions to the success of this work.
we note that apart from the c@sdistributions, thedERWIG ~ We also acknowledge the support of the U.S. Department of
5.8 event generator provides a good description of the meaEnergy, the U.S. National Science Foundation, the Commis-
sured distributions while the differences between the datgariat ‘alL’Energie Atomique in France, the Ministry for
and the predictions of theAJET 7.13and thePYTHIA 5.6 event  Atomic Energy and the Ministry of Science and Technology
generators are relatively large in many distributions. Policy in Russia, CNPq in Brazil, the Departments of Atomic
Energy and Science and Education in India, Colciencias in
Colombia, CONACYyT in Mexico, the Ministry of Education,

We thank the Fermilab Accelerator, Computing, and ReResearch Foundation and KOSEF in Korea, and the A.P.

search Divisions, and the support staffs at the collaborating'0@n Foundation.
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