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Analysis of multijet events produced at high energy hadron colliders
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We define and discuss a set ofN4 4) parameters that can be used to analyze events in Whjeks have
been produced in high-energy hadron-hadron collisions. These multijet variables are the multijet mass and
(4N—5) independent dimensionless parameters. To illustrate the use of the variables QCD predictions are
presented for events with up to five jets produced at the Fermilab Tevatron proton-antiproton collider. These
QCD predictions are compared with the predictions of a model in which multijet events uniformly populate the
N-body phase spacgS0556-282(196)01609-9

PACS numbse(s): 12.38.Qk, 13.85.Hd, 13.87.Ce

[. INTRODUCTION simple set of independent variables tliatspan the multijet
parameter spacéj) make it simple to interpret the observed
Large samples of events containing two or more jets havevent distributions within the framework of perturbative
recently been recorded at the Fermilab Tevatron protonQCD, and(iii) make it easy to compare the characteristics of
antiproton collider. Many of the observed events containevents havingN jets with the characteristics of events having
three, four, or even five or more jef&]. A comprehensive for example N+ 1) jets. In this paper we discuss a set of
analysis of these multijet events would provide an interestingnultijet parameters that satisfy these criteria. It is hoped that
test of leading-orde(LO) perturbative quantum chromody- a complete set of multijet variables that enable a comparison
namics(QCD) 2— N calculations. In the last few years com- between the properties d-jet and N+ 1)-jet events will
plete LO QCD matrix elements have become available fofacilitate (a) a more comprehensive analysis of multijet
N=3[2], N=4[3], andN=5 [4]. Partial calculations exist events, andb) a more comprehensive test of any approxi-
for N>5 [5]. The 2—N calculations are complicated, and mations used in the QCD calculations.
have required the development of new technigi@s Un- In choosing a set of multijet variables that span the mul-
fortunately the computing resources needed to evaluate thget parameter space it should be noted that we can com-
matrix elements increase rapidly with A considerable ef- pletely define a system df massive bodies in thil-body
fort has therefore been devoted to finding approximations teestframe by specifying the NI components of four-
the exact LO matrix elements that permit faster calculationsnomentum. Thé\-body system would then be overspecified
[7]. A comprehensive analysis of multijet events at high-since momentum conservation provides us with three con-
energy hadron colliders can provide a test of any approximastraints. Furthermore, we can rotate Mdody system about
tions that may be used in present or futuresR calcula- the incoming beam direction without loosing any interesting
tions. Finally, in addition to providing a test of the QCD information. Therefore, to describe the system we need only
calculations, a detailed understanding of the properties ofpecify (4N—4) parameters. We will take these parameters
multijet events produced in high-energy hadron-hadron colto be theN-body mass and (¥—5) additional variables.
lisions is important because multijet production is expectedVe therefore introduce and discuss a sel{45) dimen-
to be prolific in future high luminosity running at the Fermi- sionless variables which, in the addition of the multijet mass,
lab proton-antiproton collider and at the Large Hadron Col-span the multijet parameter space. OulN{45) multijet
lider (LHC) at CERN. A comprehensive understanding ofvariables will provide a simple framework within which the
QCD multijet production is therefore required to facilitate properties of multijet events can be compared with QCD
the search for more exotic processes producing multijepredictions.
events. For example, a detailed understanding of the proper- In previous analyses observed multijet distributions have
ties of six-jet events at the Fermilab collider is likely to be been compared with predictions from LO QCD matrix ele-
important in the near future for the study df production  ment calculations and/or predictions from parton shower
and decay in the all hadronic channel. Monte Carlo programs. Therefore, to illustrate the use of our
In the past, elegant analyses of two-jet and three-jet promultijet variables and test the agreement between the matrix
duction have been published by the UA8,9] and UA2  element and parton shower Monte Carlo calculations, in this
[10,17) collaborations at the CERN Super Proton Synchropaper we compare the predictions from exact LO QCD ma-
tron (SPpS) Collider and by the Collider Detector at Fermi- trix element calculations with the corresponding predictions
lab (CDF) [12,13 and DO[14] Collaborations at the Fermi- from a QCD parton shower Monte Carlo program, and from
lab Tevatron collider. There have also been analyses ci model in which the events are uniformly distributed over
events with more than three jefd4-16. However, the the availableN-body phase space. The QCD and phase-space
analyses of events with four or more jets have not used aalculations are described in Sec. Il. In Sec. Ill the analysis
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FIG. 1. Predicted two-jet mass distributions for two-jet eventSy,nq of jeading and next-to-leading single-jet-mass fractions for
produced at the Fermilab proton-antiproton COIl@ERWIG  jatg in two-jet events produced at the Fermilab proton-antiproton

(points compared withNJETsZ(histogran)*after applying the re-  cqjiider that satisfy the requirementsi,;>550 GeVE? and
quirements ofmn,;>550 GeV£t?* and|cosg* |<0.6. |cosp* | < 0.6.

of two-jet events is briefly discussed. The standard three-je .
variables are reviewed and extended in Sec. IV. Four-jet an CD 2._’N matrlx element Mo_nte. Carlo program, afd a
five-jet variables are introduced and discussed in Secs. Varﬁ[}cm.IeI in which events are distributed uniformly over the
VI. In Sec. VIl the generalization of the multijet parameters"’“’a'l"j‘ble'\l'bOdy phase space.

to describe topologies with more than five jets is discussed.

Finally, a summary is given in Sec. VIII. A. Jet definitions and selection criteria

The QCD and phase-space model predictions depend
IIl. QCD AND PHASE-SPACE PREDICTIONS upon the algorithm used to define jets and selection criteria

To illustrate the use of our multijet variables we will used to define the data sample. To illustrate the use of our

present and discuss various predictions for the distribution gfultijet variables we will take as an example jet definitions
multijet events in the multijet parameter space. In particula®"d event selection criteria recently used by the CDF Col-
we will consider two-jet, three-jet, four-jet, and five-jet laboration to define a multijet data sample recorded at the

events produced at the Fermilab proton-antiproton collidef-€'Milab proton-antiproton collid¢d]. Our predictions will
operating at a center of mass energy of 1.8 TeV, and comtherefore be for an existing data sample. Following the CDF

pare predictions obtained froifa) the HERWIG [17] QCD pre.scriptipn,.jets are defined such that they satisfy the fol-
parton shower Monte Carlo prograrth) the NJETS[4] LO  lowing: (i) jet transverse energyEr>20 GeV, where
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FIG. 2. Predictedcos9*| distributions for two-jet events pro-
duced at the Fermilab proton-antiproton collider that satisfy the
requirementsm,;>550 GeVt? and |cos9* |<0.6. The HERWIG
prediction (pointg is compared with thenJETs prediction (histo-
gram, and the LO QCD prediction for qg—qq) scattering

(curve.
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FIG. 4. Predicted three-jet mass distributions for events pro-
duced at the Fermilab proton-antiproton collider that satisfy the
requirements m;;>600 GeVE?, X3<0.9, and |costs|<0.6.
HERWIG predictions(points are compared witthnJETS predictions
(histogram).
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Note that for two-jet events thBE; requirements selects
EE—-BODY REST FRAME o T . )
THR events with jetE+>210 GeV. At fixed two-jet mass this
1+2— 3+4+5 . . .
results in an effective maximum allowed value of €03 he
.......... values ofm,,, and ( co®),ax are chosen to restrict the pa-
- rameter space to the region in which th& requirement is
efficient.

B. The HERwWIG parton shower Monte Carlo calculation

HERWIG [17] is a QCD parton shower Monte Carlo pro-
E, > E, > E, gram that includes both initial- and final-state gluon radia-
tion. HERWIG predictions can be thought of as LO QCD
FIG. 5. Schematic definition of angles used to describe the2—2 predictions with gluon radiation and QCD jet evolu-
three-jet system in the three-jet restframe. tion in which soft-gluon interference is implemented via an-
gular ordering. ThedERWIG Monte Carlo program also in-
E;=E sind, E is the jet energy, and is the angle between cludes color coherence of the initial- and final-state hard
the jet and the beam direction in the laboratory frafi¢, Partons, backward evolution of initial-state partons including
| 7| <3, where the jet pseudorapidity=—In tan(6/2), and  interference, hadronization of jets via nonperturbative gluon
(i) jet-jet separation AR>0.9, where AR=(A»? splitting, and an underlying event. We have used version 5.6
+A¢%)Y? andA 7 andA ¢ are the differences in pseudora- of the HERwIG Monte Carlo program, and defined jets by
pidity and azimuthal angle between the two jets. using a cone algorithm with a cone radidfk=0.7. With
With these jet definitions, the multijet event sample isthis choice of cone radius we are effectively requiring that
defined by selecting events that satisfy the followiig: the minimum separation between j&f,;,=0.9, which is
total transverse energ¥yE+>420 GeV, where the sum is well matched to the explicit requiremeAR>0.9 described
over all jets with E;>20 GeV, (b) multijet mass earlier. After using a cone algorithm to define jets we use a
Mys>Mmin, and(c) the cosine of the leading-jet scattering simple detector simulation that modifies the jet energies with
angle co8<( cod)ax Where the leading jet is defined as a Gaussian resolution function withe=0.1E. This is simi-

the highest energy jet in the multijet restframe. lar to the jet energy resolution function reported by the CDF
g ay | |
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FIG. 7. HERWIG Monte Carlo predictions for the single-jet mass- . ) o
fraction distribution for jets in three-jet events produced at the Fer- FIG- 9. Predicted four-jet mass distributions for events produced
milab proton-antiproton collider that satisfy the requirementsat the Fermilab proton-antiproton collider that satisfy the require-
May>600 GeVE?, X;<0.9, and|cosds| <0.6. ments m, ;> 650 GeVt?, X3<0.9, z.;lnd|00393/|<.0..8. HERWIG
predictions (pointy are compared wittNJETS predictions (histo-
Collaboration[1]. In our HERWIG calculations we have used gram.
the CTEQLM [18] structure functions and the scale
Q?=stu2(s?+ u?+1t?). HERWIG generates 2:2 processes
above a specifieg® wherep!®is the p of the outgoing TheNJETSMonte Carlo prograni4] provides parton-level
partons from the hard scatter before any radiation has ogredictions based on the LO QCD-2N matrix elements.
curred. We have set the miniquﬁ"’“dto 60 GeVt. Finally, We have used the Kwiecinski-Martin-Roberts-Stirling set DO
the HERWIG Monte Carlo distributions discussed in this paper(KMRSDO) structure function parametrizatiga9] with the
are inclusive. Hence, for a given jet multiplicity, the gen- renormalization scale chosen to be the averpgeof the
erated events contribute to the distributions if they have a@utgoing partonsnJETsdoes not use a parton fragmentation
leastN jets that pass the jet requirements. If there are moré&nodel. Jet definitions and selection cuts are therefore applied

thanN jets in a generated event, the multijet system is delo the final-state partons. To enable a direct comparison be-
fined using theN highestE jets. tweenNJETS and HERWIG predictions we have smeared the

final-state parton energies in oMgETS calculations with the
jet energy resolution function described above.

C. The NJETS QCD matrix element calculation

FOUR-BODY REST FRAME
14+2—-3"+4"+5’ D. Phase-space model

We have generated samples of Monte Carlo events for
which the multijet systems uniformly populate thEbody
phase space. These phase-space Monte Carlo events were
generated with single-jet masses distributed according to the
single-jet mass distribution predicted by theRwIG Monte
Carlo program. In addition, the multijet mass distributions
were generated according to the corresponding distributions
Ey > B, > Es obtained from thedERwIG Monte Carlo calculation. Com-

parisons between the resulting phase-space model distribu-
tions and the correspondingERWIG andNJETS Monte Carlo
distributions help us to understand which multijet parameters
are most sensitive to the behavior of QCD multijet matrix
elements.

IIl. TWO-JET VARIABLES

We begin by briefly reviewing the variables that are often
used in two-jet analysd8,10,13. Consider a system of two
massless jets. The massless jet approximation is appropriate
because at high center-of-mass energies single-jet masses are
much smaller than two-jet massasy;). To describe a sys-
tem of two massless jets in the two-jet restframe we need

FIG. 8. Schematic definition of angles used to describe the fouronly two variables. In previous two-jet analyses these vari-
jet system in the four-jet restframe. ables have often been chosen torbg, and co#*, where
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6* is the scattering angle between the incoming beam pafm,,>550 GeVt? and |cos#*|<0.6. Note that in the
ing coy* it must be remembered that in practice a two-jetfragmentation process, whereas in #uETs calculation jets

system will always be produced together with a spectatopre dentified with massless partons. Hence the agreement
system, and the incoming beam particles will not be collinear

in the two-body rest-frame. Hence, following the convention 15 . . .
of Collins and Sope€fr20] #* is taken to be the angle between L. o hErwic o ]
the outgoing jets and the average beam direction. Consider 0 71 NJETS 3
the process +2—3+4. The center-of-mass scattering W> 5F - iy
angle is defined o = 2200, 1
\ [ e T T f ]
10} 4
. o = Le-
P..-P ©O 5t 4
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N 10fe, .
- f
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and we define particle 1 as the incoming interacting parton

with the highest energy in the laboratory frame. FIG. 11. The predicted distributions of single-jet mass fractions
NJETsandHERWIG QCD Monte Carlo predictions for the for jets in four-jet events produced at the Fermilab proton-

m,; and cog* distributions are shown in Figs. 1 and 2, antiproton collider that satisfy the requirements,;>650

respectively, for two-jet events produced at the FermilabGevic?, X5 <0.9, and|cos#; | <0.8. HERWIG predictions(points

proton-antiproton collider satisfying the requirementsare compared withiseTs predictions(histograms
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between theHERWIG and NJETS predictions shows amongst where for two-jet events the mass of the multijet system
other things that the kinematic distributions are not sensitiveny;=m,;. We order the jets in the two-body rest frame
to fragmentation effects. The predicted @bsdistributions  such thatE;>E,, and hencef;>f,. The HERwIG predic-
are similar to the angular distribution expected at LO fortions for thef; andf, distributions are shown in Fig. 3. Note
qd— qq scatterind21], which is not very different from the that as expecteti; andf, tend to be small, typically of order

well-known Rutherford scattering form 0.05-0.1.
We conclude by noting that we have defined four vari-
do ables that specify a two-jet system in the two-body rest-
Wz(l_ COS9*)_2. (3) frame:mzj, coY*, f3, andf4.
Hence, the ca&" variable has some nice features. First, the IV. THREE-JET VARIABLES

LO QCD prediction for the ca&" distribution is well known . .
and is similar, although not identical, to the Rutherford scat- " the standard three-jet analysis used by the UA1 Col-

tering distribution. Second, the phase-space density is inddPoration[9], and later by the CDIf13] and DO[14] Col-
pendent of cog*. Therefore the measured @s distribu- laborations, five variables are chosen that specify the system

tion depends upon the underlying-2 matrix element in a of three massless particles in the three-body restframe. The
; first of these variables is the three-jet masg{). TheNJETS
very direct way.

To prepare for the analysis of system with many jets in@NdHERWIG predictions for thems, distribution are shown in

the final state it is useful to extend the two-jet variables toF'9- 4 10 be in good agreement with each other. The pre-
describe two-jet systems with massive final-state jets. To dgictedms, distributions have also recently been shown to be
this we must specify two additional parameters. Obvioudn 900d agreement with the observed Cbi, distribution
choices are the final-state single-jet massesandm,. We [1]. To complete the description of the three-jet system four
prefer to use dimensionless variables, and therefore choo&dditional dimensionless variables are defined that, together
the single-jet mass fractiorfs andf,, defined by with mg;, span the three-body parameter space. In deﬂn_mg
the three-jet parameters it is traditional to label the outgoing
jets 3, 4, and 5, and order the jets such that-E,>E;,
= m; (4) wherekE; is the energy of je} in the three-jet restframe. The

Fomyy traditional three-jet variables employed afg, X,, co9s,
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five-jet system in the five-jet restframe.

and ¢3, which are defined as follows.

(i) Xj, the jet energy fractions, normalized:

2E;  2F

XI=E,¥E,+E5 myy

of the leading-jet scattering anglsee Fig. %

Isav' |33

COY= ————.
|Pad|Ps]

(iii) ¢4, defined in the three-jet restframe as in the angl
between the three-jet plane and the plane containing jet
(the leading jetand the average beam directisee Fig. %
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FIG. 14. Predicted five-jet mass distributions for five-jet events
produced at the Fermilab proton-antiproton colliderwiG predic-
tions (pointg compared withnJETS predictions(histogran).

space model predictions for thé and X, distributions can

be easily understood. Note that the QCD predictions for the
X3 and X, distributions are similar to those of the phase
space model. We might have expected the QCD calculations
do predict an enhanced event rateXas-~1 and the three-jet
system therefore approaches a two-jet configuration. How-
ever, in practice the algorithm used to define jets and the
experimental requirements used to select well-measured
three-jet events restrict the measured three-jet topologies to
those that populate regions of the three-body phase space
where the matrix element varies only slowly over the
(X3,X,) plane. The third and fourth three-jet parameters
(cos9; and ¢3) are angular variables. The phase-space den-

(i) cosfz, defined in the three-jet rest-frame as the cosineSity i uniform in co®; space ;3 space, and is also uniform

in the (co%;,¢3) plane. Indeed, the phase-space model does
predict a uniform cog; distribution. The phase-space model
prediction for theys; distribution is not quite uniform, there
being a slight depletion of events ég— 0 or 7. This deple-
tion is primarily a consequence of the minimugnp require-
ment used to define jets. We would expect the QCD predic-
jons for the two angular distributions to be very different
om the phase-space model predictions. In particular we
might expect that the leading-jet angular distribution would
be similar, although not identical, to the L@g— qq scat-
tering form. Indeed, this is seen to be the case for both the
NJETS and HERWIG QCD predictiong[Fig. 6(c)]. We might
also expect the initial-state radiation pole in the QCD matrix
element to result in an enhanced rate of three-jet events for

are shown in Fig. 6 for three-jet events produced at the Fertopologies in which the angle between the beam direction
milab proton-antiproton collider that satisfy the requirementsand the three-jet plane is small. Hence, we would expect the
m3,>600 GeVE?, |cosds| <0.6, andX3<0.9. These selec- i distribution to be peaked towards 0 amd This is also
tion criteria are used to restrict the parameter space to thevident in theHERwWIG and NJETS predictions.

region for which theXE; requirement is efficient and to

To prepare for the analysis of events with more than three

ensure that the jets in the three-jet sample are well measurejgts we now wish to extend the three-jet variables to describe

The first and second three-jet parameteXs é&nd X,) are
Dalitz variables, normalized so that;+ X,+Xs=2. Mo-

a system of three massive particles in the three-body rest-
frame. To do this we must specify an additional three param-

mentum conservation restricts the ranges of the Dalitz varieters, which we take to be the single-jet mass fractions

ables(for massless jets 288X;<1 and 1/=<X,<1). The

f4, andfg. HERWIG predictions forfs, f,, andfg are shown

phase-space density is uniform over the kinematically alin Fig. 7. Note that thé; tend to be small, typically less than
lowed region of the X3,X,) plane, and hence the phase- or of order 0.1.
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We conclude by noting that we have defined eight vari-my; that has been reduced to three bodigg, k), we define
ables that specify a three-jet system in the three-body resthe following.
frame:ms;, X3, X4, COYs3, 3, f3, f4, andfsg. (i) X;, the fraction of the three-body energy taken by
objecti, normalized:

V. FOUR-JET VARIABLES OF, 2F,

Xi= ®)

To completely describe a system of four jets in the four- E,+E +E N
h . J k NJ

body restframe we must specify 12 independent parameters.

We will choose the four-jet massn;) and 11 dimension- (i) cosy;, the cosine of the scattering angle for object

less variables that span the four-body parameter space. We

have chosen a set of four-jet variables that, for four-jet con- av’

figurations that approach a three-body topology, reduce to 1P| i|'

the three-jet variables discussed in the previous section. This

will make it possible to compare the characteristics of four- (iii) ¢;, the angle between the three-body plane and the

jet events with the corresponding characteristics of three-jgblane containing objedt and the average beam direction:

events.

o>
o

(€)

cos=

T
O

The four-jet variables are shown schematically in Fig. 8. (PiXPg) - (P;XPy)
We begin by reducing the four-jet system to a three-body cospi= B X B P xP (10
system by combining the two jets with the lowest two-jet P TaviT o Tk
mass. We will label the two jets we combideandB with (v) f;, the mass of object divided by the three-body
E,>Eg, whereE, andEg are the jet energies in the four-jet mass:
restframe. AftetfA andB have been combined, the resulting
three bodies are labeled ,34’, and 5, and are ordered in m;
the three-body restframe so thag, >E, >Es,. Note that T myy (1)

we use a nomenclature in which primed labels denote objects

which are defined after two jets have been combined. The The NJETSand HERWIG predictions for them,; distribu-
three-body system can be completely specified using a gemion are shown in Fig. 9 for four-jet events produced at the
eralization of the three-jet variableX3:, X4/, C093:, ¥3r, Fermilab proton-antiproton collider satisfying the require-
fa, T4, andfs,. Explicitly, for a multijet system with mass mentsm,;>650 GeVt?, |costs/|<0.8, andX5 <0.9. The
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must now specify four additional parameters that describe

10 T T T . .
o HERWIG | the two-jet AB) system. To describe theAB) system we
. 5 2 NJETS | choose(a) the single-jet mass fractiorfs, andfg, (b) Xa,
o *-e for | defined in the four-jet restframe as the fraction of the energy
© 0 3 of the (AB) system taken by the leading jet
\ _.- T ¥
10F T EA
= - Xn= =g (12
© st . En+Eg
~~ _.:./_,/: PN f4// ]
i o=+ M and(c) ' Ag, defined in the four-jet restframe as the angle
— 10 [ ] between(i) the plane containing theAB) system and the
~ s | average beam direction, affid) the plane containing\ and
I 7% fsu ] B (see Fig. 8 The prime reminds us that in order to define
L , h ) . ) _
05 <L o 53 o4 zg?evzﬁatave combined two jets to obtain th&E) system
fJ//
, o _ , , _ (PaXPg)-(PagXPy)
FIG. 16. Predicted distributions of the mass fractions described COS/ipg (13

in the text for five-jet events produced at the Fermilab proton- |PAX Pg||PagX Pay
antiproton collider that satisfy the requiremenng;>750
GeV/c?. HERWIG predictions(points compared withnJETS predic-

tions (histogramg

The predictedf, and fg distributions are shown in Figs.
12(a) and 12b), respectively. The typical values ¢f and
fg predicted by theHERwIG fragmentation model are less
than or of order 0.05. The predicted, distributions are
QCD predictions for theXs:, X,/, cos, and ¢, distribu-  shown in Fig. 12c). The NJETS and HERWIG QCD calcula-
tions are compared with the phase-space model predictionions yield harderX, distributions than the corresponding
in Fig. 10. There is reasonable agreement betweemritRe  distribution predicted by the phase-space model, reflecting
wiG andNJETS predictions for all of these distributions. The the presence of the soft gluon radiation pole in the QCD
QCD predictions for theXs, and X, distributions are not matrix element. To gain some insight into the shape of the
very different from the predictions of the phase-space modebhase-space model prediction for thg distribution con-
In contrast, theWJETSandHERWIG cosf3, and 5, distribu-  sider a system of four massless particles labeled randomly
tions are very different from the more uniform phase-space, j, k, andl. If we defineX;=E;/(E;+E;), then the phase-
model predictions. It is interesting to compare these distribuspace prediction for the distribution of events as a function
tions with the equivalent distributions for three-jet eventsof X; is given by
(Fig. 6). The QCD and phase-space model predictions for the
four-jet distributions are similar but not identical to the cor- dN 3 1
responding distributions for three-jet events. Note tfain ax; X2 X3 2. (14
comparing the phase-space model predictions foiXthand
X3/ distributions we see that the predictég distributionis  This function is already quite similar to the phase-space
depleted at largXs,, and(2) in comparing the phase-space model prediction shown in Fig. 18), which is obtained by
model predictions for theX, and X,, distributions we see requiring that the AB) system is the lowest mass pair, and
that the predicteX,, distribution is distorted at larg¥,.. taking account of finite single-jet masses and experimental
These differences can be qualitatively understood by notingelection requirements. Finally, the predictéflg distribu-
that if 4" or 5’ is the (AB) system and hence massive thentions are shown in Fig. 18). The NJETS and HERWIG pre-
X3:<1 even if 4 and 5 are collinear. It should also be dictions for they,y distribution are in agreement with one
noted that the phase-space model &osdistribution is  another. The slight decrease in the population of events pre-
slightly depleted at smaltosfs/| and theyss, distribution is  dicted by the phase-space modelds, approaches 0 or is
slightly depleted for values of3: close to O andr. These g consequence of the minimum 4 requirement.
features are consequences of the minimum jet-jet separation we conclude by noting that we have defined 12 variables
requirementAR>0.9, and the minimum jet transverse en-that specify a four-jet system in the four-body restframe:
ergy reqUiremenET>20 GeV. Myy, XS” Xar, coYss, Y3, f3/, f4r, f5/, fAv fB, Xa, and
The HERWIG predictions for the normalized masses are G-
shown in Fig. 11. They exhibit peaks closefte- 0.05 which
reflect the finite single-jet masses resulting from HegawIG
fragmentation model, and long tails at larger valuesfof
which reflect the contributions from the combinelg) sys- To completely describe a system of five jets in the five-
tems. Note that although single jets are massless intbes  body restframe we must specify 16 independent parameters.
calculation, thenJETS program does predict the contribution We will choose the five-jet mas#sg;) and 15 dimensionless
to thef; distributions from the combinedAB) systems, and variables that span the five-body parameter space. We have
indeed theNJETsand HERWIG predictions are in good agree- chosen a set of five-jet variables that, for five-body configu-
ment at largef; . rations that approach a four-body topology, reduce to the
To complete our description of the four-jet system wefour-jet variables discussed in the previous section. Further-

VI. FIVE-JET VARIABLES
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more, for five-body configurations that approach a threetjons for the coé. distribution are remarkably similar to the
body topology, our five-jet parameters reduce to the three-jedimple LOqq— qq angular distribution. TheERWIG predic-
variables discussed previously. Thus we will be able to comtions for the normalized single-jet masss are shown in
pare the characteristics of five-jet events with the correig. 16. Once again, theerwiG andNJETSdistributions are
sponding characteristics of three-jet and four-jet events.  jn agreement at large mass fractions.

The five-jet variables are shown schematically in Flg 13.  We must now Specify the intermediate four-body system.
We begin by reducing the five-jet system to a four-body|n analogy with the four-jet analysis we will do this by speci-
system by combining the two jets with the lowest two-jetfying four additional dimensionless variables that describe
mass. We will label the two jets we combi@andD, with  the (A’B’) system. We choosés) the normalized masses
Ec>Ep, whereEc andEp are the jet energies in the five-jet f,, andfg,, (b) X,:, defined in the five-jet restframe as the
restframe. We can then further reduce the resulting fourfraction of the energy of theA’B’) system taken by the
body system to a three-body system by combining the tw@eading body
bodies with the lowest two-body mass. We will label the two
objects we combinéd’ andB’, with E5,>Eg,. After com- Ep
bining C with D, and thenA’ with B’, the resulting three Xnr= Ex+Eg
bodies are labeled”3 4", and 3, and ordered so that
Eg.>E4>Eg:. The double primes remind us that the ob- 5, (c) 47, defined in the five-jet restframe as the angle

jects are defined after two operations in which the two bodie% . . )

. . etween(i) the plane containing theA( B’) system and the
with the lowest two-body mass have been qc.)mbme.d. Th verage beam direction, afid) the plane containing’ and
three-body system can be completely specified using thE’ (see Fig. 13 Note that

variables:Xzn, X4n, COSB3n, Yan, Tan, T4, andfsn.

The NJETS and HERWIG predictions for thems; distribu- - = - -
tion are shown in Fig. 14 for five-jet events produced at the cosp, = (Parx PE") (PagrXPay) )
Fermilab proton-antiproton collider and satisfying the re- A'B |Par X Pg||Parg: X Pa
quirementms;>750 GeVE2. The QCD predictions for the
Xagr, Xgn, COS3r, and ¢ distributions are compared with The predicted distributions of these variables are shown in
the phase-space model predictions in Fig. 15. The predictelig. 17. TheHERWIG predictions for thef ,, and fg, distri-
distributions are qualitatively similar to the equivalent four- butions peak at values of about 0.02 and have long tails
jet distributions shown in Fig. 10. Note that the QCD predic-associated with composit®’ or B’ systems. The tails are

(15

(16)
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accounted for by thelETs predictions. It is interesting to describe multijet systems with more than five jets is straight-
compare theX,, and ¢, distributions with the corre- forward. As an example the variables required to describe a
sponding four-jet distributiongFigs. 12c) and 12d), respec-  Six-jet event are also listed in Table I. In general, to describe
tively]. The QCD and phase-space model predictions for th@n event containindN jets we use the mass of tHe-jet
five-jet distributions are qualitatively similar to the corre- system plus (M —5) dimensionless variables. To define the
sponding four-jet distributions. Note that theErwic and  dimensionless variables we proceed by reducingNhet
NJETspredictions are in general agreement with one anothesystem to a three-body system. This is doneNr-3) steps.

Finally, to complete our specification of the five-jet sys- In each step the two bodies with the lowest two-body mass
tem we must define a further four variables that describe thare combined by adding the two four-vectors. The resulting
two-body (CD) system. We choose the single-jet mass fracthree-body system is described by specifying seven param-
tionsfc andfp, and the variableX., and (., defined by  eters, namely the normalized masses of the three béeligs
Egs. (15 and (16) with the substitutionsA’—C and fs, f4, andfs), the Dalitz variables for the two leading
B’—D. The predicted distributions of these variables aredodies(e.g.,X3 andX,), the cosine of the leading-body scat-
shown in Fig. 18. ThedERwIG predictions for thefc and  tering angle(e.g., co#s), and the angle between the three-
f, distributions peak at values less than 0.02. Note that th80dy plane and the beam directi¢e.g., ¢/3). To complete
QCD predictions for theX¢ distribution are harder than the the description of thé-jet system we must then specify an
corresponding phase-space model prediction, whilst thadditional fpur parameters for each step in which two bodies
QCD predictions for thay, distribution are similar to the Were comblned_. These parameters are the_ normalized masses
corresponding phase-space model prediction. of the two bodiede..g,fx ande), the fraction of the two-

We conclude by noting that we have defined 16 variable®0dy energy taken by the leading bog.g., X,), and the
that specify a five-jet system in the five-body restframe:angle defined in th&-jet restframe between the plane con-
Msy, Xar, Xgr, CODzn, than, Tan, Tan fon, far, fory Xar, taining the two-body system and the beam direction and the
W foo fo, X, and iy plane defined by the two bodi€e.g., ¥ag)-

VIl. GENERALIZATION TO EVENTS VIIl. SUMMARY

WITH SIX OR MORE JETS .
A set of (AN—4) parameters have been defined that can

A list of the multijet variables described in the precedingbe used to analyze events in whithjets have been pro-
sections is given in Table |. The extension of the variables taluced in high-energy hadron-hadron collisions. These multi-
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TABLE I. Summary of the (M—4) multijet variables for
N=2, 3, 4, 5, and 6.
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predictions. This general agreement is seen for all of the
distributions except for the single-body mass fraction distri-
butions where the absence of a fragmentation model in the

Two jet Three jet Four jet Five jet Six jet  NJETscalculation makes the comparison inappropriate.
(ii) In more detail, there are some differences between the
M2y May May Ms) Mey NJETS and HERWIG predictions. In particular, we find that a
cosp* co; cody COH3r COHgn statistical comparison between the two sets of QCD predic-
fa fa fa fyr fan tions yields ay? per degree of freedom greater than 2 for
fs f4 far far fam several of the distributionsXs, X4, 3, X4/, Xa, COH3,
fs5 fs fon fom and ¢r31). It is therefore possible that a comparison of mea-
s g Yan Yram sured multijet distributions with predictions from LO QCD
X3 Xg/ Xar Xam 2—N matrix element calculations and from parton shower
X, Xy Xgn Xy Monte Carlo calculations, may show a preference for one of
fa far fpr the two calculations.
fo fo f o (iii) There are striking similarities between many of the
Xa Xar Xpr (.N+l)-jet distributions ywth th_e equivalerit-jet distribu-
Vis W - tions. 'Several sets of d|str|but|on§ have sha.pes that are al-
fo for most md_epe_ndgnt oN once the dlﬁerenc_es in the phase-
f - space distributions have been taken into account. The
xD XD multijet mass distributions nfi,;,Mg;,My;,Ms;), leading-
< cr body angular distributions (c6%,cosd;,cosd;,,c0¥3),
Yeo Yeror and the two-body energy sharing distributions
fe (Xa,Xar,Xc) have very little dependence dv after taking
fr into account the differences in the phase-space distributions.
X,f The other three-body angular distributiongs( s, ¥an),
Yer leading-body Dalitz variable distributionsX§,Xs5:,X3n),

distributions
distributions

variable
angular

Dalitz
two-body

next-to-leading-body
(X4,X4/,X4N), and

jet parameters span the multijet parameter space, and make it p M . S
possible to compare the characteristics of events hahing (_'LAB’%D"#A’B’) vary only slowly withN. These similari-
jets with the characteristics of events having for exampletles could pe epr0|te_d to provide a check of present and
(N+1) jets. To illustrate the use of the multijet variables futur_e multijet calculathns for largél wr_]ere complete LO.
described in this paper, QCD and phase-space model predi@atr'x element calculations are not available and approxima-
tions have been compared for three-jet, four-jet, and five-jefions must therefore be used.
events produced at the Fermilab proton-antiproton collider.
For this particular example we find the following.

(i) The parton shower Monte Carlo predictions for the We are grateful to Walter Giele for many interesting dis-
shapes of the single-differential distributions that correspondussions. This work was supported by the U.S. Department
to a complete set of multijet variables are generally in agreeef Energy, and the Ministry of Science, Culture and Educa-
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