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Further properties of high-mass multijet events at the Fermilab proton-antiproton collider
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The properties of high-mass multijet events produced at the Fermilab proton-antiproton collider are com-
pared with leading order QCD matrix element predictions, QCD parton shower Monte Carlo predictions, and
the predictions from a model in which events are distributed uniformly over the available multibody phase
space. Multijet distributions corresponding @N—4) variables that span thN-body parameter space are
found to be well described by the QCD calculations for inclusive three-jet, four-jet, and five-jet events. The
agreement between data, QCD matrix element calculations, and QCD parton shower Monte Carlo predictions
suggests that-22 scattering plus gluon radiation provides a good first approximation to the full LO QCD
matrix element for events with three, four, or even five jets in the final §i88556-282(196)03519-9

PACS numbsgs): 13.87.Ce, 12.38.Qk, 13.85.Hd

I. INTRODUCTION (CDF) Collaboration has recently reported the characteristics
of two-jet, three-jet, four-jet, five-jet, and six-jet evelhid
A study of the properties of events containing three orproduced at the Tevatron proton-antiproton collider operat-
more jets produced in high-energy hadron-hadron collision#1g at a center-of-mass energy of 1.8 TeV. Results from an
can (i) test our understanding of the higher-order QCD pro-analysis of events with multijet masses exceeding 600
cesses that result in multijet productiofii,) test the QCD GeV/c? were presented for a data sample corresponding to
parton shower Monte Carlo approximation to the full leadingan integrated luminosity of 35 pB. The multijet-mass dis-
order(LO) QCD matrix element, andii) enable a search for tributions, leading-jet angular distributions, and mass depen-
new phenomena associated with the presence of many hadent jet multiplicity distributions were shown to be well de-
partons in the final state. The Collider Detector at Fermilabscribed by both thenJETs [2] LO QCD matrix element
calculation for events with up to five jets, and HERWIG [ 3]
QCD parton shower Monte Carlo calculation for events with
*Visitor. up to six jets. For these selected distributions the QCD pre-
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dictions were found to give a good description of the data. proximately 0.1. The systematic uncertainty on the jet energy
In the present paper we use a larger data sample andszale is 5% for jets in the central regifm|<1.2). There is
more comprehensive set of multijet distributions to extendan additional systematic uncertainty of 2% on the energy
our comparison of the properties of high-mass multijetscale of jets at larger| relative to the corresponding scale
events with QCD predictions. In particular, we use the set ofor central jets.
(4N—4) variables that span thH-jet parameter space and  The data were recorded using a trigger which required
were recently proposed by Geer and Asak@Maand com- XE;>300 GeV, where the sum is over the transverse ener-
pare the observed three-jet, four-jet, and five-jet event chamgies (Ey) of all uncorrected jets witle+>10 GeV, and the
acteristics with(a) NJETSLO QCD matrix element predic- jet transverse energies were calculated assuming an event
tions, (b) HERWIG parton shower Monte Carlo predictions, vertex at the center of the detectax<Xy=z=0). In the
and (c) predictions from a model in which events are uni- subsequent analysis tfE; was recalculated using the re-
formly distributed over the available multijet phase-spaceconstructed vertex position and corrected jet energies, and
Results are based on a data sample which was recorded bymming over all jets with correctell;>20 GeV. Events
the CDF Collaboration during the period 1992—-1995, andvere retained with*E{>420 GeV. To reject backgrounds
corresponds to an integrated luminosity of 105 bb from cosmic ray interactions, beam halo, and detector mal-
functions, the events were required to hdijetotal energy
less than 2000 GeVji) a primary vertex reconstructed with
Il. EXPERIMENTAL DETAILS |z| <60 cm,(iii) no significant energy deposited in the had-
A description of the CDF detector can be found in Ref. ron calorimetgrs out.of.time With th.e. proton—antipro_ton col-
[5]. Full details of the CDF jet algorithm, jet corrections, andl"c"on’m""nd (iv) missingEy &gmf@nge (7] S=&
jet resolution functions can be found in Rg6], and a de- (2E7)""<6, where Er=|3Er, and Ey; is a vector that
scription of the trigger and event selection requirements foPCiNts from the interaction vertex to calorimeter celand
the high-mass multijet sample are given in Refl. In the has magnitude equal to the cé&l. These requirements se-
following we give a summary of the main details of the CDF 1€Ct 30245 events.
detector, jet reconstruction, and event selection requirements
that are relevant to results presented in this paper. We use the ~ ll. QCD AND PHASE-SPACE PREDICTIONS
CDF coordinate system in which the origin is at the center of
the detector, the axis is along the beam directio#f,is the

lar angle with r xis, andg is the azimuthal
gﬁ;eamgaesuré d :rsg)frfé tt?]et:rf:ari,;rggi(fnt e azimutha parton shower Monte Carlo prograrth) the NJETS[2] LO

- : S . . CD 2—N matrix el t Monte Carl ,
The multijet analysis described in the following sectlonsQ —N matrix element Monte Carlo program, att] a

) ) . > model in which events are distributed uniformly over the
exploits the CDF calorimeters, which cover the pSGUdorap'dévaiIableN-body phase space
ity region|n|<4.2, wherep=—In(tand/2). The calorimeters '
are constructed in a tower geometry 4a¢ space, and are
segmented in depth into electromagnetic and hadronic com-
partments. The calorimeter towers are 0.1 units widey.in HERWIG [3] is @ QCD parton shower Monte Carlo pro-
The tower widths ing are 15° in the central region and 5° at gram that includes both initial- and final-state gluon radia-
larger|7y| (approximately| 5|>1.2). Jets are reconstructed us- tion. HERWIG predictions can be thought of as QCDB-2
ing an algorithm that forms clusters from localized energypredictions with gluon radiation, color coherence, hadroniza-
depositions in the calorimeter towers. Calorimeter towers aréion, and an underlying event. We have used version 5.6 of
associated with a jet if their separation from the jet axis inthe HERWIG Monte Carlo program together with a simulation
(m,¢) spaceAR= (A 7+ A ¢?) < R, . For the analysis de- of the CDF detector response based on testbeam data. In our
scribed in this paper the clustering cone radRgs=0.7 was HERWIG calculations we have used tlgeQ1Mm [8] structure
chosen. With thi}, a plot of the separation between all jets functions and the scal®@?=stw2(s’+u?+t?). HERWIG
observed in the data sample described below reveals that, tfenerates 22 processes above a speciﬁqz)ﬂard where
a good approximation, clusters with separatiaii®<0.8 are  ph@is the p; of the outgoing partons from the hard scatter
always merged by the jet algorithm into a single jet, andpefore any radiation has occurred. It is important to chose a
clusters with separationSsR>1.0 are never merged. Thus, |ow value ofp®“so that adequate account is taken of events
the effective minimum observable separation between jetf which the detector response has fluctuated upwards by
ARnip=0.9+0.1. Jet energies are corrected for calorimetelseyeral standard deviations and/or the spectator system ac-
nonlinearities, energy lost in uninstrumented regions an¢ompanying the hard scattering process, including the initial
outside of the clustering cone, and energy gained from th@ate radiation, makes an unusually large contribution to the
underlying event. The jet corrections typically increase JetEET. We have set the minimurp?ard to 60 GeVE. The

energies by 25% for jets with transverse energycontribution to theSE,>420 GeV Monte Carlo sample from
E;=E sin6>60 GeV, wheref is the angle between the jet hard

. P ; ! events withp;" <60 GeVE is estimated to be less than 1%.
axis and the beam direction. The jet corrections are larger for
lower E+ jets, and typically increase jet energies by about . .

30% (40%) for jets with Er=40 GeV (20 Ge\). After cor- B. The NJETs QCD matrix element calculation

rection, jet energies are measured with a precistpfE of ThenNJETSMonte Carlo progranh2] provides parton-level
approximately 0.1 and multijet masses calculated from theredictions based on the LO QCD-N matrix elements.

jet four-vectors are measured with a precisigy/m of ap-  The calculation requires the minimum separation between

In the following we will compare observed multijet dis-
tributions with predictions from(@) the HERwWIG [3] QCD

A. The HERWIG parton shower Monte Carlo calculation
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the final state partons ifw,¢)-space to exceedR,,,. We P_.P
have setAR,,;,=0.9, and have used the Kwiecinski-Martin- CoOH3= f"v—f, 3
Roberts-Stirling set DAOKMRSDO) structure function pa- |Pad [Pl
rametrizatior{ 9] with the renormalization scale chosen to be N
the averag®; of the outgoing partonsieTsdoes not use a Where the average beam direction
parton fragmentation model. Jet definitions and selection > - =
Pa=P1— P2, (4)

cuts are therefore applied to the final state partons. To enable
aldlr_ect gomparison bereNJETSpreFiICtlonS and observed .and particle 1 is the incoming interacting parton with the
distributions we have smeared the final state parton energu%sighest energy in the laboratory frame

in our NJETS calculations with the Gaussian jet energy reso- (iii) s, defined in the three-jet rest-frame as the angle

lution function: between the three-jet plane and the plane containing the
oe=0.1E. (1) leading-jet and the average beam direction:

(P3XPa) - (P4XP5s)
[P3X Pa|PsX Pl

(5

This provides a good approximation to the CDF jet resolu- Cospz=
tion function.

To specify a system of three massive jets we must supple-
C. Phase-space model ment the traditional three-jet variables with three additional
parameters that describe the single-jet masses. These param-
eters are taken to be the single-jet mass fractigns,, and
fs, where

We have used theENBOD phase-space generafd] to
generate samples of Monte Carlo events for which the mul
tijet systems uniformly populate thM-body phase-space.
These phase-space Monte Carlo events were generated with m:
single-jet masses distributed according to the single-jet mass fi= m_J (6)
distribution predicted by theerwiG Monte Carlo program. 3J

In addition, the multijet mass distributions were generatedry, s e have eight three-jet variables which consishgf

according to the corresponding distributions obtained fro”}our parameters that specify the three-jet configuratiés
the HERWIG Monte Carlo calculation. Comparisons betweenx4 cods, and i), and three variables that specify the

the resulting phase-space model distributions and the corre- F
spondingHERWIG and NJETS Monte Carlo distributions help Single-jet massetfs, fs, andfy).
us to understand which multijet parameters are most sensi- _ o _
tive to the behaviour of QCD multijet matrix elements. B. Four-jet and five-jet variables
A multijet system with more than three-jets can be par-
V. MULTIJET VARIABLES tially specified using the three-jet variables described above.
This is accomplished by first reducing the multijet system to
To completely specify a system ™ jets in theN-jet @ three-body system. A four-jet system is reduced to a three-
rest-frame we require(4N—3) independent parameters. body system by combining the two-jets with the lowest two-
However, theN-jet system can be rotated about the beam® mass. The resulting three-body system can then be de-
direction without losing any interesting information. Hence Scribed using the variablesy;, Xy, Xy, c0sby, ¢, fy,
we need only specify4N—4) parameters. We will use the f4» andfs, where the primes remind us that two jets have
N-jet mass and thé4N—5) dimensionless variables intro- Peen combined. A five-jet system is reduced to a three-body

duced and discussed in Réfl]. In the following the vari-  System by first combining the two-jets with the lowest two-
ables are briefly reviewed. jet mass to obtain a four-body system, and then combining

the two bodies with the lowest two-body mass to obtain a
three-body system. The resulting three-body system can then
A. Three-jet variables be described using the variables;, Xy, X4, COHyr, ¢,

In previous three-jet analysgsl,6,17 it has become tra- 3 f4» andfgr. o o
ditional to label the incoming interacting partons 1 and 2, 10 complete the description of four-jéfive-jet) events
and the outgoing jets 3, 4, and 5, with the jets ordered such/® Must now specify a further fouleight variables that
that E;>E,>E,, where E; is the energy of jet in the describe how the mL_IItljet system has been re_duced to a three-
three-body rest-frame. At fixed three-jet masg, a system body system. Consider first the step in which a four-body
of three massless jets can be specified in the three-jet restyStém is reduced to a three-body system. We label the two

frame using four dimensionless variabl¥s, X,, cos;, and ~ OPiects being combined and B with Ex>Eg, whereE,

s, which are defined as follows: andEg are energies in the four-body rest-frame. To describe
’(i) The Dalitz variablesX. and X.,: the (AB) system we use the following four variables.
3 4 (a) The normalized massds, andfg:
X, = 25 2 m m
I mgy fa=— and fg=—0>, 7
% A my 5 my; @

(ii) The cosine of the leading jet scattering angle, wheremy; is the mass of the multijet system.
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(b) The two-body energy sharing variab¥g, , defined in

the multijet rest-frame as the fraction of the energy of the N (aﬂTHR'EE-J'ET
(AB)-system taken by: > 0 L i e DATA
E, 8 53l f—u—f ] A HERWIG
= (@]
Xa EtEy 8 Dl grf O NJETS
[}

(c) The two-body angular variables,;, defined in the \% ————t s
multijet rest-frame as the angle betweghthe plane con- € 10°k (QFOUR_JET _E(_C ) FIVE=
taining the AB) system and the average beam direction, and I *t L
(i) the plane containing andB. The prime reminds us that £ 3 & *+A 1
in order to definey,g we have combined two bodies to = 10 F w1 J&?
obtain the AB) system. Note that ~ » ‘*i %

. . . ~0 b
. (PaXPg)-(PagXPy) 600 800 900 1100
COgfipg= - €) My (GeV/c?)

|PAX Pg||PagXPal

For five-jet events we must also specify the step in which the FIG. 1 Inclusive multijet mass di;tributions for toplogies_ with
five-jet system is reduced to a four-body system. We labef@ Fhree jets|(b) four jets, gnd(c) five Jets..O.bserve.d distributions
the two jets that are combine@ andD with Ec>Ep, and (pointg are compared withHERwIG predictions (triangleg and
use the four variable, fp, Xc, and ¢/%p . NJETS predictions(squares
In summary, a four-jet system is described using 12 vari- ]

ablesmyy, Xa/, Xy7, 0Ly, thar, T, f4r, fr, o, F, X, and sample, we have chosen to tolerate some regions of low ex-
¥hg. Afive-jet system is described using 16 variables;, p_erlmental acceptance qnd use_the phase-space model predic-
X, X COSgry s Fgns Fars Fn Fars Frs Xnrs i) f tions to understand which regions of parameter space are

3!71 4/!, 37/7 3/!1 3!71 4!!1 5/!, A,’ B” A,’ A'B’ C»

; . i i affected. Finally, the inclusive five-jet data sample has very
p» Xc, and ¢cp. Note that following the convention of jiniteq statistics, and we have therefore chosen to apply only
Ref. [4] the primes mcﬁcatelwhlch parameters are defineqpq requiremenims,>750 GeV£2 to events entering the

after one or two steps in which two objects have been comyye et distributions. This requirement selects 817 events

bined. with five or more jets, of which 146 events have more than
five jets. Only 148 events enter into both the five-jet and
V. RESULTS four-jet distributions, and only 42 events enter into both the

The (4N—4) multijet variables described in the previous five-jet and three-jet distributions.

sections provide a set of independent parameters that span

the multijet parameter space in the multijet rest frame. In the A. Multijet mass distributions
fo.ltlﬁw'anDtheéA"\rl]_‘l) multijet d'g’tr;bu“%r.lst. are (’:A(\)”mdpatr?g In Ref. [1] HERWIG and NJETS QCD calculations were

wi Q ) and phase-space model predictions. IStOU-shown to give a good description of the shapes of the ob-
tions are inclusive. If there are more thinets in an event,

the N highestE. jets are used to define the multijet system served multijet mass distributions for exclusive samples of
T “hiah- i i
It should be noted that at fixed multijet mass the;>420 high-mass muitijet events. In Figstal, 1(b), and 1¢) both

; . the HERWIG and NJETS predictions are shown to give good
GeV,AR=0.9, andE>20 GeV requirements place restric- descriptions of the shapes of the inclusiig;, m,, andme,

tions on the aval_lable multijet parameter space. Consedi tributions for the high-mass multijet samples described in
quently, some regions of parameter space are depopulat s paper. Note that over the limited mass range of the

due to a low experimental acceptance. These inefficient r Sresent data sample, to a good approximatiomikye distri-
gions can be 'afg?'y avoided in the thre?—Jet analysis by pI"?‘%utions are falling e>2ponentially with increasing mass.
ing suitable requirements on the multijet mass, leading-jet

angle, and leading-jet Dalitz variable. In the following we
have required thatm,;>600 GeVE?, |cosy<0.6, and
X3<0.9. These requirements select 1021 events with three- We begin by considering the inclusive three-jet Dalitz dis-
or-more jets, of which 320 events have more than three jetdributions. Event populations in theXg,X,)-plane are
Events entering the inclusive four-jet distributions are re-shown in Fig. 2 for(a) data,(b) NJETS (¢) HERWIG, and(d)
quired to havem,;>650 GeVt?, [cosfy|<0.8, andX3<0.9.  phase-space model predictions. The phase-space population
These requirements select 1273 events with four-or-moré uniform over the kinematically allowed region. Neither the
jets, of which 245 events have more than four jets. Only 22@&lata nor the QCD predictions exhibit large density variations
events enter into both the inclusive three-jet and inclusiven the (X5,X,) plane in the region of intere$k;<<0.9), al-
four-jet distributions. Note that the four-jet requirements re-though with the relatively high statistical precision of the
duce, but do not completely eliminate, the regions of lowNJETS predictions the tendency for the predicted event den-
experimental acceptance. A more restrictkse requirement  sity to increase aX, becomes large is visibleote that as
could be used to remove events populating the remaining,—1 the third-to-leading jet Dalitz variabl¥;—0). The
region of low acceptance, but would cost a large reduction irobserved X5 distribution is compared with phase-space
statistics. Given the limited statistics of the present datanodel and QCD predictions in Fig(&. The corresponding

B. Three-body Dalitz distributions
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FIG. 2. Three-jet Dalitz distributions after imposing the require- ~ FIG. 4. Inclusive four-jet Dalitz distributions for events that
mentsms,>600 GeVE?, X5<0.9, andcosd;<0.6, shown fo@ ~ satisfy the requirementsm,;>650 GeVt?, X3 <0.9, and
data, (b) NJETS (c) HERWIG, and (d) the phase-space model. |cosfy|<0.8, shown for(a) data, (b) NJETS (c) HERWIG, and (d)

phase-space model predictions.
comparisons for theX, distribution are shown in Fig.(B).
The HERWIG and NJETS predictions give reasonable descrip-
tions of the observed distributions. Note that the observeq:-
distributions are not very different from the phase-space}
model predictions.

We next consider the inclusive four-jet distributions.

vent populations in theXss,X,/) plane are shown in Fig. 4

or (a) data, (b) NJETS (c) HERWIG, and (d) phase-space

model predictions. The phase-space population is not uni-

form over the kinematically allowed region. Care must there-

fore be taken in interpreting the distributions. The data and

(@) o pata the QCD predictions exhibit a more uniform event density

i N EEQ»SV%SPACE A over the K5,X,/) plane. The observed, distribution is

o NJETS . compared with phase-space model and QCD predictions in

Fig. 5@). The corresponding comparisons for thg distri-

bution are shown in Fig. (6). The HERWIG and NJETS pre-

I T dictions give reasonable descriptions of the observed distri-
. . . , butions. Note that compared to the phase-space model

2t R = (1/N) (dN/dX;) / PHASE~SPACE | pr_edictions, the data and QCD predictions prefer topologies
¢ é b & 4 with large X3 and largeX,s (note that as<Xy—1 the three-
body topology approaches a two-body configuration, and as
© 0.7 ' 0.8 ' 0.9 Xy—1 we haveXy—0). o
X Finally, consider the inclusive five-jet distributions. Event
3 populations in the X537, X47) plane are shown in Fig. 6 for
(a) data,(b) NJETS (c) HERWIG, and (d) phase-space model
‘ ' ' ' ' ‘ predictions. Again, the phase-space population is not uni-
form over the kinematically allowed region, and care must
be taken in interpreting the distributions. The observed event
population and the QCD predictions are more uniformly dis-
tributed over the X537, X47) plane. However, all distributions
are depleted aXy—1 andX,—1. The observe&y distri-
bution is compared with phase-space model and QCD pre-
. ; . . . . dictions in Fig. 7a). The corresponding comparisons for the
_ ~ @ Xy distribution are shown in Fig. (B). The HERWIG and
R=0/M) (ngdx‘)/zHASE ;PACE . NJETS predictions give reasonable descriptions of the ob-
L - v served distributions. Note that compared to the phase-space
0 s : - ; : ' model predictions, the data and QCD predictions prefer to-
0.6 0.7 0.8 0.9 X .
pologies withXy—1 andX,—1.

T T T T

-

(1/N) dN / dX,
[\V] S ()] o] (o]

R

(1/N) dN / dX,

> O

R

. . e C. Three-body angular distributions
FIG. 3. Inclusive three-jet Dalitz distributions for events that

satisfy the requirementsms;>600 GeVE2, X;<0.9, and We begin by considering the inclusive three-jet angular
|cos;/<0.6. Data(pointy are compared withverwiG predictions  distributions. Event populations in tHeosts, ;) plane are
(triangles, NJETSpredictions(squarel and phase-space model pre- shown in Fig. 8 for(a) data,(b) NJETS (c) HERWIG, and(d)
dictions (curves for (a) X3, and(b) X,. phase-space model predictions. The phase-space population
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FIG. 7. Dalitz distributions for inclusive five-jet toplogies that
satisfy the requrements;>750 GeV(?. Data (points are com-
pared with HERWIG predictions (triangleg, NJETS predictions
(squarey and phase-space model predictignsrves for (a) X,
and (b) X4

FIG. 5. Dalitz distributions for inclusive four-jet toplogies that
satisfy the requirementsm,;>650 GeVt?, X;,<0.9, and
|cosfy/|<0.8. Data(point are compared witthiERWIG predictions
(triangles, NJETspredictions(squarey and phase-space model pre-
dictions (curves for (a) X5/, and(b) X,.
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Xs’/ FIG. 8. Inclusive three-jet angular distributions for events that
satisfy the requirementsmg;>600 GeVE?, X3<0.9, and
FIG. 6. Inclusive five-jet Dalitz distributions for events that sat- [cos#;|<0.6. Event populations in thécosts,is) plane are shown
isfy the requiremenims;>750 GeVt?, shown for(a) data, (b) for (a) data,(b) NJETS (c) HERWIG, and(d) phase-space model pre-
NJETS (€) HERWIG, and(d) phase-space model predictions. dictions.
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FIG. 9. Inclusive three-jet angular distributions for events that
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|cost®<0.6. Data(points are compared wittHERWIG predictions
(triangles, NJETspredictions(squarey and phase-space model pre-
dictions (curves for (a) cos9; and (b) 5. The broken curve in the
cost; figure is the LO QCD prediction fog— gq scattering.
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FIG. 10. Inclusive four-jet angular distributions for events that
satisfy the requirementsm,;>650 GeVE?, X3 <0.9, and
|coshy|<0.8. Event populations in the (c@s,/) plane are shown
for (a) data,(b) NJETS (c) HERWIG, and(d) phase-space model pre-
dictions.

Next, consider the inclusive four-jet angular distributions.
Event populations in thécosfy i) plane are shown in Fig.
10 for (a) data,(b) NJETS (c) HERWIG, and (d) phase-space
model predictions. The phase-space population is approxi-
mately uniform. In contrast both the observed distribution
and the QCD predictions exhibit large density variations
over the(cosy,¢5) plane, with the event density increasing
as|cosfy|—1 and 5—0 or . This behavior is similar to
the behavior of the corresponding three-jet distributions. The
observed co& distribution is compared with phase-space
model and QCD predictions in Fig. (. The corresponding
comparisons for theyy distribution are shown in Fig. 1f).
Both HERWIG andNJETS predictions give reasonable descrip-
tions of the observed distributions, which are very different
from the phase-space model predictions. Note that the ob-

is approximately uniform. In contrast both the observed disserved co8y distribution is also very similar to the LO pre-
tribution and the QCD predictions exhibit large density diction for qg— qq scattering.

variations over thécosds, i) plane, with the event density
increasing agcos;|—1 and ¢5—0 or . The increase in

Finally, consider the inclusive five-jet angular distribu-
tions. Event populations in th@osfy, i) plane are shown

event rate ascosd;/—1 is similar to the behavior of the in Fig. 12 for(a) data,(b) NJETS (c) HERWIG, and(d) phase-

leading-jet angular distribution resulting from the-2 LO
QCD matrix element. The increase in event rate/gs0 or

space model predictions. The phase-space population is ap-
proximately uniform. However, both the observed distribu-

 reflects the preference of the three-jet matrix element fotion and the QCD predictions exhibit large density variations
topologies which are planar. It is interesting to note that apver the(costy, i) plane, with the event density increasing
cosf;—1 the NJETS calculation shows a preference for con- as|cosfy|—1 and y—0 or . This behavior is similar to

figurations with¢;—0 rather thanr and as cog&——1 the

the behavior of the corresponding three-jet distributions. The

NJETScalculation shows a preference for configurations withobserved cog distribution is compared with phase-space
J—r rather than 0. These preferred regions of the parammodel and QCD predictions in Fig. 3. The corresponding
eter space correspond to configurations in which jet 5 igomparisons for thes distribution are shown in Fig. 18).
closer to the beam direction, and therefore reflect the initiaPoth HERWIG andNJETspredictions give reasonable descrip-
state radiation pole in the matrix element. The observedions of the observed distributions, which are very different
cos, distribution is compared with phase-space model androm the phase-space model predictions. Note that the ob-
QCD predictions in Fig. @). The corresponding compari- Served coéy distribution is also very similar to the LO pre-

sons for theys distribution are shown in Fig. (B). Both

diction for qq— qq scattering even though there are now five

HERWIG and NJETS predictions give reasonable descriptionsjets in the final state.
of the observed distributions, which are very different from ) o
the phase-space model predictions. Note that the observed D- Single-body mass distributions for three-body systems

cost, distribution is also very similar to the LO prediction

for qg— qq scattering 13].

The single-jet mass fraction distributions are shown in
Fig. 14 for inclusive three-jet events. Thedistributions are
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FIG. 11. Inclusive four-jet angular distributions for events that
satisfy the requirementsm,;>650 GeVt?, X;,<0.9, and
|cosfy|<0.8. Data(pointy are compared wittHERWIG predictions
(triangles, NJETspredictions(squarey and phase-space model pre-
dictions(curves for (a) cosfy and(b) 5. The broken curve in the
costy figure is the LO QCD prediction fong— qq scattering.
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FIG. 12. Inclusive five-jet angular distributions for events that
satisfy the requirememhs;>750 GeV£t2. Event populations in the
(cos93n, ih30) plane are shown fofa) data, (b) NJETS (C) HERWIG,

and (d) phase-space model predictions.
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FIG. 13. Inclusive five-jet angular distributions for events that
satisfy the requiremenhs;>750 GeV£?. Data(pointg are com-
pared with HERWIG predictions (triangleg, NJETS predictions
(squares and phase-space model predictiof@urves for (a)
cos93» and(b) ¢3». The broken curve in the cgs» figure is the LO
QCD prediction forqg— qq scattering.

reasonably well described by tlERWIG Monte Carlo pre-
dictions, although there is a tendency for therwiG frag-
mentation model to slightly overestimate the fraction of low-
mass jets. The observed distributions peakf;at0.05 or

less. Hence, for many purposes, jets at high energy can be
considered to be massless. Note that since jets are massless
in the matrix element calculations, there arenaaTspredic-

tions for thef; distributions.

Thef;, andf;~ distributions are shown for inclusive four-
jet and Inclusive five-jet events in Figs. 15 and 16 respec-
tively. These distributions exhibit a single-jet peak at low
mass fractiongless than 0.05 and have a long tail associ-
ated with two-jetj’ systems, and two-jet or three-jgt sys-
tems. TheHERWIG predictions give a good description of all
the distributions except perhaps at very low mass fractions
(less than 0.0bwhere there is tendency to overestimate the
observed jet rate. Although theJeTs calculations do not
provide predictions for the single-jet part of the andf;
distributions, they are seen to correctly predict the taif asso-
ciated with multijetj’ andj” systems.

E. Two-body energy sharing distributions

The observe, distribution is shown in Figs. 1@ and
17(b) to be reasonably well described by therwiG and
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FIG. 14. Single-jet mass fraction distributions for inclusive  FIG. 16. Single-body mass fraction distributions for inclusive
three-jet events. Datépointy compared withHERWIG predictions  five-jet events. Datgpoints compared withHERWIG predictions
(triangleg, shown for (a) the highest energy jet in the three-jet (triangles, and NJETSs predictions(histogramy shown for(a) the
rest-frame,(b) the second-to-highest energy jet, af@i the third-  highest energy body in the three-body rest-fraifte,the second-
to-highest energy jet. to-highest energy body, ar(d) the third-to-highest energy body.

NJETspredictions. The data and the QCD predictions favor a F. Two-body angular distributions

more asymmetric sharing of energy between the twoAets  The observed, distribution is shown in Figs. 18) and
andB than predicted by the phase-space model. This reflectsg(b) to be well described by theerwiG andNJETS predic-

the presence of the soft gluon radiation pole in the QCDtions. The phase-space model prediction is also approxi-
matrix element. In Figs. 1) and 17d) the X, distributions  mately uniform, but underestimates the fraction of events in
are shown to be qualitatively similar to the correspondfag  which the plane of the two-body system is close to the plane
distributions, and also similar to the correspondig dis-

tributions shown in Figs. @) and 17f). In general the data 6 . ' 10 '
are reasonably well described by the QCD predictions and (@) X, (®) X,
are very different from the phase-space model predictions. 4
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fd/ FIG. 17. The two-body energy sharing distributions for inclu-

sive four-jet and five-jet events. Datpointy are compared with

FIG. 15. Single-body mass fraction distributions for inclusive HERWIG predictions (triangles, NJETS predictions (squares and

four-jet events. Datdpoint9 compared withHERWIG predictions  phase-space predictiofmurves for (a) X,, (b) X, after dividing by

(triangles, and NJETS predictions(histogramg shown for(a) the  the phase-space model predictiof®, X/, (d) X, after dividing

highest energy body in the three-body rest-fraifig,the second- by the phase-space model predictions, &dXc, and(f) X after
to-highest energy body, and) the third-to-highest energy body.  dividing by the phase-space model predictions.
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TABLE |. Statistical comparison of agreement between ob-

08 1'/// " (b) 'w/ ' ' served and predicted distributions. Tifeper degree of freedom are
ool (@) Vas 151 AB —é» listed for comparisons of the various observed and QCD predicted
distributions shown in the figures.
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FIG. 18. Two-body angular distributions for inclusive four-jet f., 11 — 3.18 —
and five-jet events. Datgpointy are compared withHERWIG pre- fa 8 — 3.74 —
dictions (triangles, NJETS predictions(squares and phase-space f, 8 _ 1.90 _
predictions (curves for (a) ¢ng, (b) ¥ag after dividing by the fa 13 . 220 _
phase-space model predictiotts) ¢, (d) ¥/, 5, after dividing . 11 o 4.07 .
by the phase-space model predictions, #8dy¢p, and (f) ¥¢p
after dividing by the phase-space model predictions. Ms; 8 0.86 1.24 1.79
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~ 100 () fc ' ' G ]'cD ' T (_¢AB—>O or ). In Figs. 18_0)_ and ;&_i) the 1//:,;,5, distribu- _
I LA ] tions are shown to be qualitively similar to the corresponding
80 | L +a ] Upg distributions. They{ distributions shown in Figs.
| $t*t x 18(e) and 18&f) are similar to the phase-space model predic-
20 5, T L ] tions. In all cases the data are well described by the QCD
0 002 004 006 0 002 002 0.08 predictions. None of the observed distributions are very dif-
ferent from the phase-space model predictions, although the
fJ phase-space model calculation does underestimate the event

rate asypg—0 or 77, or asy/y, 5, —0 or .
FIG. 19. Single-body mass fraction distributions for two-body

systems in inclusive four-jet and five-jet events. Dgiainty are
compared withHERwWIG predictions(triangles, and NJETS predic-
tions (histogramg for (a) f4, (b) fg, (©) far, (d) fg/, (€) fc, and(f) The observed,, fg, far, fg', fc, andfy distributions
fo. are shown in Figs. 18), 19b), 19c), 19d), 19e), and 19f)

G. Single-body mass distributions for two-body systems
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respectively to be reasonably well described byHeewic  degrees of freedomfor the combined four-jet distributions
predictions although there is a tendency for HERWIG pre-  */Npe=1.63(63 degrees of freedomand for the combined

dictions to overestimate the jet rate at very small single-jefive-jet distributionsy’’Np=1.52 (63 degrees of freedom
masses. In all cases the distributions exhibit a single-jet mass

peak at small mass fractiofs-0.02 or lesg Thef,r andfg: VI. CONCLUSIONS
have a long high-mass tail which corresponds to twoAjet . ) ) ) o
and B’ systems. This tail is well described by theeTs The properties of high-mass three-jet, four-jet, and five-jet
predictions. events produced at the Fermilab Tevatron proton-antiproton
collider have been compared wittueTs LO QCD matrix
H. ¥ test element predictionsHERWIG QCD parton shower Monte

Carlo predictions, and predictions from a model in which

In general bottnJETsandHERWIG predictions give a good  events are distributed uniformly over the available multibody
first description of the observed mult”et diStributionS, which phase_space_ The phase_space mode| iS unab'e to describe
correspond to4N—4) variables that span thd-body pa-  the shapes of multijet distributions in regions of parameter
rameter space. A more quantitative assessment can be maglgace where the QCD calculations predict large contributions
by examining they” per degree of freedom that characterizesfrom initial- and final-state gluon radiation. In contrast, the
the agreement between the observed distributions and ﬂ@CD predictions give a good first description of the ob-
QCD pl’edictions. ThQ/Z are listed for each distribution in served mu'tuet distributions’ which Correspond (w\|_4)
Table l. The Computed’z's take into account StatiStical un- Variab'es that Span thel_body parameter Space_ A more
certainties on both measured points and the QCD Montguantitative assessment based on th@er degree of free-
Carlo predictions, but do not take into account systematigom that characterizes the agreement between the observed
uncertainties. In Ref[1] the systematic uncertainties were distributions and the QCD predictions shows thaETs
mapped out for a limited set of multijet distributions, and gives a good description of all the distributions except per-
found to be small compared to statistical uncertainties. Unhaps theX, distribution for four-jet events. TheJETS pre-
fortunately, for the more complicated multijet parametergictions seem to give a better description of the observed
space of the present analysis, limited computing resources dfstributions than theiERWIG predictions. This is particu-
not allow us to fully map out the systematic uncertainties ongrly true of theX,, coy, iy, and cody distributions.
the predictions. However, even in the absence of a full evalur:ina"y, we do not see clear evidence for any deviation from
ation of the systematic uncertainties, an examination ofhe predicted multijet distributions that might indicate new
Table | ShOWS tha.NJETS pI‘OVides a reasonable deSCI‘iption phenomena associated with the presence of many hard par-
of all of the observed multijet distributions except perhapsions in the final state. The general agreement between data,
the XA distribution. The Combined(z for the NJETSdescrip- NJETS andHERWIG suggests that22 Scattering p|us g|u0n
tion of all of the three-jet distributiong’/Npr=1.03(45 de-  radiation provides a good first approximation to the full LO

grees of freedom The corresponding result for the four-jet QCD matrix element for events with three, four, or even five
distributions isy’’Np=1.47 (63 degrees of freedonif the jets in the final state.

X, distribution is included in the comparison, and
/Npe=1.24 (55 degrees of freedonif the X, distribution
is not included. The result for the combined five-jet distribu-
tions isx?/Npe=1.21(63 degrees of freedomThe observed
distributions are described less well by tHERWIG parton
shower Monte Carlo predictions, for which tig, cos, We thank the Fermilab Accelerator Division and the tech-
g, and co®y distributions havey®s significantly poorer nical and support staff of our respective institutions. This
than those for the correspondingeTspredictions. Restrict- work was supported by the U.S. Department of Energy, the
ing the comparison to those distributions predicted by botHJ.S. National Science Foundation, the Istituto Nazionale di
the NJETSandHERWIG calculations(i.e., all distributions ex-  Fisica Nucleare of Italy, the Ministry of Science, Culture and
cept the single-body mass fraction distributipn® find the  Education of Japan, the Natural Sciences and Engineering
overall 2 per degree of freedom for theerwiG comparison  Research Council of Canada, and the A. P. Sloan Founda-
of the combined three-jet distributions i&/Npr=1.58 (45 tion.
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