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Comparisons of new jet clustering algorithms for hadron-hadron collisions

A. T. Pierce* and B. R. Webber†
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We investigate a modification of thek'-clustering jet algorithm for hadron-hadron collisions, analogous to
the ‘‘Cambridge’’ algorithm recently proposed fore1e2 annihilation in which pairs of objects that are close in
angle are combined preferentially. This has the effect of building jets from the inside out, with the aim of
reducing the amount of the underlying event incorporated into them. We also investigate a second modification
that involves using a new separation measure. Monte Carlo studies suggest that the standardk' algorithm
performs as well as either of these modified algorithms with respect to hadronization corrections and recon-

struction of the mass of a Higgs boson decaying tobb̄. @S0556-2821~99!02703-4#

PACS number~s!: 13.87.Fh, 12.38.2t, 13.85.Hd, 14.80.Bn
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I. INTRODUCTION

Jet-finding algorithms play a central role in the study
hadronic final states in all kinds of hard-scattering proces
Nowadays two types of jet algorithms are in common u
the so-calledconealgorithms@1,2# based ultimately on the
Sterman-Weinberg@3# definition in terms of energy flow into
an angular region and theclustering algorithms @4,5# in
which jets are built up by iterative recombination. Ine1e2

annihilation, the so-called Durham@6–8# version of the clus-
tering algorithm has become most prevalent, although c
algorithms have also been applied@9,10#. Up to now, cone
algorithms have been more widely used in theoretical@11–
13# and experimental@14,15# studies of jets in hadron-hadro
collisions. However, clustering algorithms have been p
posed@16–18# and are beginning to be applied@19,20# in this
case also. Comparative theoretical studies@18,21–23# have
suggested that this would be beneficial, from the viewpo
of stability with respect to higher-order and non-perturbat
corrections and improved mass resolution for heavy obje

Recently, modifications to the Durham clustering alg
rithm for e1e2 final states have been proposed@24,25# and
some of their properties investigated@25,26#. They mainly
concern the two aspects of the algorithm which seem to
most open to improvement. The first concerns the orde
which clustering occurs and the second the resolution
separation measure that is used to decide whether clust
should occur. The general conclusion frome1e2 studies is
that a change to angular ordering can help in the fine re
lution of multi-jets and jet sub-structure, and that a smoot
separation measure can reduce sensitivity to higher-order
non-perturbative effects.

In the present paper we investigate the effects of an
gous modifications to the ‘‘standard’’k'-clustering algo-
rithm @16,17# for hadron-hadron collisions. We first revie
the criteria for a good jet algorithm, and then, after stat
the standard algorithm and the proposed modifications
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cisely, we perform two types of comparative Monte Ca
studies.

For the first set of studies, in Sec. V, we use a sim
‘‘tube’’ model @27,28#, representing the hadronic final sta
when no true jet production has occurred. Here the test
good algorithm is the extent to which it can avoid generat
spurious jets.

For the main investigations~Sec. VI! we use theHERWIG

@29# event generator to simulate true jet production ove
range of transverse energies. We compare the jet prope
at the parton and hadron~calorimeter! levels, as well as the
sensitivity to the underlying soft event and calorime
threshold. We also generate Higgs boson events and s
the mass resolution for the decayH0→bb̄.

Our conclusions are given in Sec. VII.

II. CRITERIA FOR A GOOD JET-FINDING ALGORITHM

Although a completely ‘‘correct’’ assignment of particle
to jets is not a well-defined concept, owing to quantum
terference effects, any jet algorithm must eventually ass
all hadrons to a unique jet or the ‘‘underlying event’’ for th
purpose of calculations. Clustering algorithms naturally
sign particles unambiguously, while cone algorithms m
add anad hocfinal step to deal with hadrons in overlappin
cones. Association of particles that are close togethe
angle, or relative transverse momentum, is most natural f
the viewpoint of QCD dynamics, and therefore the origin
JADE clustering criterion@5# based on invariant mass ha
been replaced byk'-based criteria@4,6# for the study of jets
in e1e2 annihilation.

Identification of jets in hadron-hadron collisions is hard
than in e1e2 annihilation. In the latter case, the beams a
not made of composite particles; so the final states
cleaner. In particular, in a hadron-hadron collider, one m
worry about ‘‘beam jets’’ and the ‘‘soft underlying event
~SUE!, because the initial-state particles have quark const
ents themselves. One expects the quarks not involved in
scattering to continue along in a path near the beam l
possibly emitting some low-momentum particles at larg
angles due to their soft interactions. The challenge is how
separate this ‘‘beam jet’’ and ‘‘underlying’’ hadronic energ
from the products of the hard scattering process. For
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purpose one needs an algorithm that eliminates particles
low transverse energyET ~relative to the beams! as early as
possible from the clustering process, if they are not close
regions of highET activity.

At the same time any jet-finding algorithm must poss
certain basic properties in order to produce sensible~finite!
results for quantities like jet cross sections. Included am
these properties is insensitivity to low-energy gluon radiat
~infrared safety!. An algorithm is infrared safe if it does no
distinguish between a state with an infinitely soft radia
gluon and one without.

Also required iscollinear safety. In the case of infrared
safety, a zero energy emission can potentially lead to
infinite cross section. A parton emitted at zero angle c
have the same effect. To prevent this blowup in cross s
tions, the algorithm must not differentiate between two p
ticles emitted along the same line. Now, it is clear that
algorithms will trivially satisfy these criteria at the calorim
eter level, because the calorimeter will have finite resolut
in energy and angle. However, one would hope to have
algorithm that possesses these good theoretical propertie
its own.

In the case of hadron-hadron interactions, the jet al
rithm must also allow forfactorizationof initial-state mass
singularities. That is, it must allow the singularities due
initial-state collinear emissions to be factored out and
placed by non-perturbative parton distributions, leaving
hard scattering process to be calculated perturbatively.

Besides the above basic requirements, there are addit
criteria one wishes to satisfy. A good jet-finding algorith
will find a minimum of ‘‘spurious jets,’’ that is, jets formed
by combining unassociated soft particles from the underly
event or beam jets. All algorithms will eventually give rise
such jets, at sufficiently fine resolution. The level at whi
this begins to happen, and the fashion in which the spuri
jets form, is of interest.

From an experimentalist’s viewpoint, an extremely im
portant feature for an algorithm is its ability to reconstru
the momenta of the parent particles of the jets as accura
as possible, for example in the hadronic decays of he
particles ~top quarks, vector bosons, Higgs bosons, et!.
This is an invaluable tool in new particle searches, for est
lishing a potentially small signal on a potentially large bac
ground.

Other criteria for comparison include the shifts in the v
ues of quantities that take place between the parton and
ron level. It is desirable to minimize these ‘‘hadronizatio
corrections.’’

In this paper, we compare spurious jet formation, hadro
zation effects, the ability to pick jets out of the underlyin
event, and the reconstruction of invariant masses, for
standardk'-clustering algorithm and two possible varian
of it.

III. ALGORITHM DEFINITIONS

We give here the precise definition of the standa
k'-clustering algorithm@16,17# and then the proposed ne
variants. The choice of variables and combination proced
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differ somewhat from those used fore1e2 physics. This is
primarily because the hard parton scattering process ha
unknown longitudinal boost in hadron-hadron collision
One therefore needs to use variables that are approxima
invariant under such boosts.

First we require some general definitions, as follows:

~i! Define a dimensionlesscone sizeparameterR ~usu-
ally R<1).

~ii ! For each objecti ~hadron, calorimeter cell or what
ever! in the final state, define the azimuthal anglef i ,
the pseudorapidity

hi52ln tanSui

2D ~1!

and the transverse energy

ETi5Ei sinui ~2!

whereu i is the polar angle with respect to the direction
one of the incoming beams in the overall c.m. frame.
~iii ! The separation from the beamsof object i is

di5ETiR. ~3!

~iv! For each pair of objectsi and j the angle is

Rij5A~h i2h j !
21~f i2f j !

2 ~4!

and theseparationis

dij5min$ETi ,ETj%Rij . ~5!

~v! The combination procedure i1 j→( i j ) is

ETi j5ETi1ET j

h i j 5
~ETih i1ET jh j !

ETi j

f i j 5
~ETif i1ET jf j !

ETi j
. ~6!

A. Standard k' algorithm

We use here the algorithm proposed in Ref.@16# with the
modifications suggested in Ref.@17#.

~1! Find the pairI andJ with dIJ5min$dij%.

To determine whether clustering occurs, we compare
separation with the separation of the object ‘‘nearest’’ t
beam.

~2! Find the objectK with dK5min$di%.
~3! If dIJ<dK , then combineI 1J→(IJ), update the

lists of di j ’s anddi ’s accordingly, and go to 1.
~4! If dIJ.dK , then storeK as acompleted jet, remove it

from the lists ofdi j ’s anddi ’s, and go to 1.
~5! Iterate until all jets are completed.
4-2
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COMPARISONS OF NEW JET CLUSTERING ALGORITHMS . . . PHYSICAL REVIEW D 59 034014
The presence of the cone sizeR in Eq. ~3! ensures that ob
jects cannot be clustered unless their separation is less
R, since otherwise eitherdI or dJ is less thandIJ and step~4!
removes one of them.

Step~4! is also roughly akin to the ‘‘soft-freezing’’ that is
used in the recently proposed Cambridgee1e2 algorithm
@24#. By removing the less energetic objects from the list
clustering occurs, we prevent them from attracting additio
partners that could build spurious jets.

B. Proposed improved algorithm: AO1

The AO1 algorithm is an angular-ordered version of t
standard algorithm. The basic idea of an angular-ordered
gorithm is to use the angular variableRi j , instead of the
separationdi j , to choose the pair of objects to be consider
first for clustering.

~1! Find the pairI andJ with RIJ5min$Rij%.
~2! Find the objectK with dK5min$di%.
~3! If dIJ<dK , then combineI 1J→(IJ), update the lists of

Ri j ’s anddi ’s accordingly, and go to 1.
~4! If dIJ.dK , then we must check whether the particle p

still remains within the angular cone size,R. If it does
(RIJ<R), then move to the pairI 8 andJ8 with the next-
smallest value ofRi j and repeat step~3!, with I 8 andJ8
in place ofI andJ.

~5! If the particle pair does not lie within the fixed cone si
(RIJ.R), then storeK as acompleted jet, remove it
from the lists ofRi j ’s anddi ’s, and go to 1.

~6! Iterate until all jets are completed.

C. Angular-ordered algorithm with new separation measure:
AO2

For the second angular-ordered algorithm we use
same steps as inAO1 but change the definition of the sep
ration measure between any two objects to

di j8 5
2ETiET j

~ETi1ET j!
Ri j >di j . ~7!

The separation between an object and the beam remain
before:

di85ETiR5di . ~8!

FIG. 1. A comparison of different separation measures. We
the total energyEtot5Ei1Ej and varyz5Ei /(Ei1Ej ) from 0 to 1.
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This di j8 measure has interesting properties. It retains
same basic shape as the original definition ofdi j , but it is
now a smoothly varying function. This is shown in Fig. 1.
is analogous to theLUCLUS separation measure@4# used in
e1e2 physics, where it has been found to have good featu
@25#.

IV. THEORETICAL PROPERTIES OF ALGORITHMS

It is immediately clear that all the above algorithms s
isfy the infrared safety criterion. Recall that infrared safety
obtained if measured jet variables are unchanged when
ET→0 parton is emitted. From the definition ofdi j ~or di j8 ),
it is clear that the proposed algorithms will immediate
combine such a gluon with the hard parton that emitted

Similarly, it is clear that the algorithms are collinear sa
If a parton emits another parton along the same direction,
algorithms will immediately combine the two. Therefor
there will be no difference in the observable quantities in
case of collinear emission.

The algorithms also allow factorization of initial state si
gularities. Asu i→0, the separation from the beam,di→0.
Therefore, the beam jets do not affect the combination
other jets, as hadrons collinear to the beams are immedia
classified as completed jets by the algorithm, and taken
the combination list. This allows the remaining hadrons to
about combination unhindered.

Angular-ordered algorithms attempt more possible cl
terings than the standard algorithm, because they may
sider other pairs of objects before coming to the pair with
smallest separation under thedi j metric. However, any ten-
dency towards over-clustering is balanced by the fact that
algorithms tend to start at the middle of each jet. As a c
sequence, we would hope that they tend to pick up few
unassociated particles on the periphery of the jet. A rou
schematic of such a case is shown in Fig. 2. In the stand
algorithm, the two low-energy particles may combine. The
because the axis of the two has been pulled toward the
ter, this composite jet may combine with the third particle.
the angular-ordered case, the jet is built up from the cen

x

FIG. 2. A misclustering of jets by the standardk'-clustering
algorithm.

TABLE I. Multiplicity of jets in a simple tube model. Errors ar
statistical.

Algorithm type Particles in MaxET jet

Standardk' 1.7266.007
AO1 1.7276.007
AO2 1.4466.006
4-3
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A. T. PIERCE AND B. R. WEBBER PHYSICAL REVIEW D59 034014
Thus, the two central particles can combine, leaving
wide-angle particle to be resolved separately.

Cases such as these would lead us to hope that
angular-ordered algorithms might be able to separate the
teresting high-ET jets more effectively from the soft unde
lying event. However, the above schematic only works in
fairly limited kinematic window. In most cases, the wid
angle radiation will still lie within the cone sizeR, and com-
bination will still take place as in the standardk'-algorithm.

V. TUBE MODEL STUDIES

Here a ‘‘tube’’ of particles is taken to be a cylinder o
particles uniformly distributed inf and h. The transverse
momenta of the particles in the tube have a strongly dam
exponential distribution. This simulates the hadronization
a soft hadronic collision or underlying event. There are
true jets, and so any jet found is spurious, which is a us
comparative test of algorithms@24#.

The particle multiplicity in this model is given by

^n&52
m

^pt&
logS Ec.m.

m D ~9!

wherem is the invariant mass per unit rapidity~here set to
0.5 GeV!, Ec.m. is the center-of-mass energy, and^pt& gives
the average transverse momentum per particle~again set to
0.5 GeV!. The model was run at a center-of-mass energ
TeV, which gave^n&.15 particles per event. Each algo
rithm was run on 10 000 events.

It was found that there was no difference in jet formati
between the standardk' algorithm and theAO1 algorithm.
We looked at the number of particles included in the jet w
the maximumET ~see Table I!. It is expected that the numbe

FIG. 3. ET spectra of the maximumET jet in the tube model.

FIG. 4. ET spectra of the maximumET jet in the tube model.
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of particles in this jet would be indicative of the amount
clustering that is done by the algorithm, as it is likely that
particles were combined, they would combine into a jet w
a higherET than that of a single particle.

We notice a striking similarity ofAO1 to the standard
k'-clustering algorithm by examining the energy spectra
the maximumET jets ~see Fig. 3!. If additional spurious jet
formation occurred in either case, one would expect to fi
that energy spectra to be broader and shifted to a hig
energy. However, this signature is clearly absent, and
spectra are identical.

On the other hand, there is indeed a difference betw
the standardk' algorithm and theAO2 algorithm ~Fig. 4!.
Less clustering occurs in the case of theAO2 algorithm. This
is a result of the definition of the separation measure,di j8 .
Notice that in Fig. 1 the separation measure used inAO2 is
greater than that forAO1 , for all values ofET . As a result,
the clustering condition will be satisfied less frequently. Co
sequently, the energy spectrum for the new separation m
suredi j8 is shifted to lower energies, indicative of less clu
tering.

It is interesting to vary the cone size parameter,R, to see
where a comparable amount of clustering occurs. As see
Fig. 5, it is found that this happens whenR is increased from
unity to a value of approximatelyR51.3.

VI. HERWIG MONTE CARLO STUDIES

HERWIG @29# is a Monte Carlo event generator that can
used to simulate many kinds of events. First the hard s
tering process is calculated perturbatively, and then pa
showers are generated until a given scale is reached, on
order of the hadron masses. Hadronization is simulated
combining partons into colorless clusters, which decay
hadrons. The model conserves local flavor and energy
mentum flow. The underlying event is modelled as a sepa
collision between colorless clusters containing hadron re
nants. For our study, QCD events were generated in symm
ric pp̄ collisions at a center-of-mass energy of 1.8 TeV, as
Tevatron Run I.

For each type of test conducted, we attempted to asce
the difference between applying a jet algorithm at the par
and calorimeter level. In order to run the algorithms at t
parton level, theHERWIG simulation was simply stopped be
fore hadronization, and the clustering was conducted on
partons at this stage. This is not entirely equivalent to
calculation of quantities via perturbation theory, but shou
still give a good comparative indication of hadronization e
fects. At the calorimeter level, a simple segmentation sim
lation was used@30#. The calorimeter was segmented into 6
equal cells inf, for a resolution of .1 rad and 100 cells i
pseudo-rapidity covering a region from25<h<5, for the
same rapidity resolution. The energy resolution of each
is given by

s~E!

E
5

NRES

AE
~10!
4-4
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where NRES is a constant that differs for the hadronic a
electromagnetic calorimeters. As a rough guide, we u
NRES50.1 for the electromagnetic andNRES50.5 for the
hadronic calorimeters (E being measured in GeV!.

To cover a range of jet energies, we varied theHERWIG

parameterPTMIN, which sets the minimum parton transver
energy for the hard scattering processes. By varying this
rameter, we examined jet transverse energies from 30 to
GeV with comparable statistics. A thousand events were
lected at each value ofPTMIN.

A. Shift in jet axis

For each algorithm, we investigate the shift in jet ax
DR, given by

DR5A~hparton2hcalorimeter!
21~fparton2fcalorimeter!

2.
~11!

This measure gives an indication of whether the algorithm
doing a good job of preserving the direction of parton ene
flow at the calorimeter level. Depending on how invaria
masses are reconstructed, this can have a radical effect o
masses of reconstructed particles.

Comparisons of the shift in the jet axis between par
level and calorimeter level show little difference between
algorithms. The scheme used to pair the calorimeter jets w
parton jets was rudimentary. It simply took the two highe
ET jets and matched them in such a way as to minimize
total DR for these two jets. Other schemes are possible, s
as optimizing over a larger number of jets or looking for t
highest-ET jets on opposite sides in azimuth. Variations
the DR matching scheme are a possible topic for future
vestigation. As shown in Table II, the values ofDR agree
within statistical error. This is a somewhat surprising res
given the angular nature of the new algorithm.

Note also that the calorimeter has finite angular reso
tion, DR.0.1. This serves to increase the value ofDR for
each algorithm, but should not affect any one more than
others. It seems, then, that all three algorithms that w
investigated have similar shifts in jet axes.

FIG. 5. A measure of the amount of clustering done by theAO2

algorithm as the cone size parameter is varied.
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B. Jet radial moment

We also examine the change in the jet radial mome
which is a measure of how the energy is distributed about
jet axis. The radial moment is defined as@13,23#

^R&5 (
constituents

ETiRi

Ejet
~12!

whereRi is the angular separation of thei th parton or calo-
rimeter cell from the jet axis. A more compact jet, with i
energy concentrated near the jet axis, has a smaller valu
^R&.

In a comparison between the radial moments, as defi
in Eq. ~12!, it seems that all of the algorithms have simil
discrepancies between the parton and calorimeter levels~see
Fig. 6!. However, note that the radial moment for theAO2

algorithm is smaller. Again, this more collimated jet is
result of the larger separation measure~see Fig. 7!.

As a consequence of these results on the radial mom
one would expect that the standardk'-clustering algorithm
and theAO1 algorithm would perform similarly in the recon
struction of Higgs boson masses, whileAO2 would, in gen-
eral, reconstruct lower masses. In Sec. VI F, we find that
algorithms do, in fact, follow this behavior.

C. Jet energy spectra

The single jet inclusive transverse energy spectra w
also examined for each of the algorithms. If more combin
tion of particles took place for a given algorithm, one wou
expect to see a rise in cross section for higher jet ener
and a corresponding decrease for lower jet energies.

The spectra for the three algorithms are shown in Fig
The standardk' algorithm and theAO1 are quite similar to
one another. Moreover, the results at the calorimeter
parton levels are similar. This indicates relatively small ha
ronization corrections. Note, however, that both algorith
show a tendency to push the calorimeter spectrum to lo
energies. This is most likely a consequence of forming s
rious low-energy jets.

The spectrum shows an overall shift to lower energies
the case of theAO2 algorithm. This is expected on accou
of the lower effective jet radiusR ~see Sec. V!. It also seems
to show slightly less distortion of the spectrum between
parton and the calorimeter levels.

TABLE II. Shift in jet axes. Errors are statistical. Here calorim
eter threshold51 GeV.

NPTMIN Std.k'DR AO1DR AO2DR

30 .1096.008 .1106.008 .1086.009
50 .0706.006 .0716.005 .0736.006
70 .0626.005 .0626.005 .0556.005
90 .0526.004 .0546.005 .0506.005
4-5
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D. Sensitivity to calorimeter threshold energy

It was also investigated whether the two algorithms d
fered in their sensitivity to the threshold energy in the ca
rimeter cells. In the radial moment analysis~Sec. VI B! only
cells having energies greater than 1 GeV were included
initial ‘‘particles’’ for the algorithms to cluster.

FIG. 6. Difference between the calculated jet shapes at the
ton and calorimeter levels for each of the three algorithms un
investigation. Each curve here is obtained by taking the differe
between the two curves in each of the figures in Fig. 7.

FIG. 7. Radial moment curves for~a! standardk' , ~b! AO1 and
~c! AO2 . The curves are constructed from 1000 events at eac
NPTMIN530,50,70,90.
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This reduces the multiplicity of final-state particles to a
reasonable number, thereby speeding up computing. Th
threshold value was changed from 1 GeV to 0.5 GeV, an
1000 events were generated at a minimum hard process sc
~PTMIN! of 50 GeV.

Indeed all algorithms did show some sensitivity to the
threshold. As expected, the radial moment increased at th
smaller threshold. This corresponds to an increased numb
of calorimeter cells in the jet. However, theAO1 algorithm
and the standardk'-clustering algorithm seem to be equally
sensitive to the change in threshold energy, as shown in Fi
9. TheAO2 algorithm seems to be slightly less sensitive to
variation in the calorimeter threshold~Fig. 10!.

All three algorithms displayed similar behavior with re-
spect to changes in shifts in the jet axis when the threshol

r-
er
e
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FIG. 8. Transverse energy spectra of~a! standardk' , ~b! AO1 ,
and ~c! AO2 .
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was varied. This is illustrated in Table III. All three algo
rithms seem to perform in an identical manner in this t
case.

E. Sensitivity to soft underlying events

Because of an angular-ordered algorithm’s tendency
incorporate fewer particles at wide angles to the jet, o
would hope that it would be less sensitive to the soft und
lying event.

In HERWIG, one can turn the underlying event on and o
with a simple switch. Runs were made with and without t
SUE at a lowerPTMIN510 GeV. ~see Table IV!. With the
minimum hard scattering scale at a lower energy, one wo
expect the algorithms to have a difficult time separating
high-ET jets from the SUE. Indeed, we find that the hadro
zation effects for all algorithms are worse with the SU
However, the algorithms seem to display nearly identical
actions to the presence of a SUE. We find that the hadr
zation corrections are not reduced for either angular-orde
algorithm ~Figs. 11 and 12!.

F. Reconstruction of the Higgs boson mass

We also usedHERWIG to generate Monte Carlo even
containing a standard model Higgs boson with a mass of
GeV. At this mass, the Higgs boson decays almost enti
through the channel

FIG. 9. A comparison between the standardk' andAO1 algo-
rithms at different calorimeter thresholds. Here we examine
difference in the radial moment between the calorimeter and
parton levels.

FIG. 10. A comparison between the standardk' andAO2 algo-
rithms at different calorimeter thresholds. Here we examine
difference in the radial moment between the calorimeter and pa
levels.
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H0→bb̄. ~13!

Events were generated in symmetricpp̄ collisions at a
center-of-mass energy of 2 TeV, similar to the energy
Tevatron Run II.

In order to reconstruct the Higgs boson mass, one m
select the two jets from which the Higgs boson will be r
constructed. We reconstructed the Higgs boson mass a
calorimeter level by simply looking at the invariant mass
the two most energetic jets. In an actual experiment,b ver-
texing information could be taken into account to help pi
the correct jets. Our method of jet selection is too simplis
but it should be sufficient for comparative purposes.

The first feature to notice is that all the algorithms reco
struct the Higgs boson mass with a large width. The natu
width of the Higgs boson at this energy is about 50 Me
whereas the spread in the reconstructed mass is on the
of 30 GeV.

In the case of a calorimeter threshold of 1 GeV, eve
algorithm examined tends to undershoot the Higgs bo
mass. This is partially due to resolving part of theb-jets into
separate jets, which are not included in the final mass
addition, energy can be lost to calorimeter cells that do
reach the threshold. Therefore, one would expect that
reconstructed mass would depend on the calorimeter thr
old.

Initially, we used a rather harsh threshold of 1 GeV
limit the multiplicity of calorimeter cells in the final state
This slightly simplified situation is sufficient to show that th
AO1 algorithm and standardk' algorithm reconstruct Higgs
boson masses in a nearly identical fashion, as illustrate
Fig. 13.

In order to reduce the energy lost through the high ca
rimeter threshold, we also examined the case where
threshold was lowered to an energy of 0.5 GeV, which pr
tically eliminated the large mass offset.

As one would expect, there is a larger difference betwe
the standardk' algorithm and theAO2 algorithm. The Higgs
boson mass reconstructed by theAO2 algorithm with a cone
size parameterR51 is significantly below the mass recon

e
e

e
n

TABLE III. Shift in jet axes. Errors are statistical. HerePTMIN is
fixed at 50 GeV, and the sample size is 1000 events.

Threshold Std.k'DR AO1DR AO2DR

.5 GeV .0706.006 .0716.005 .0726.006
1 GeV .0726.005 .0706.005 .0716.006

TABLE IV. An analysis of the sensitivity of the shift jet axis to
the underlying event. Errors are statistical. HerePTMIN is fixed at 10
GeV, and the calorimeter threshold is 0.4 GeV.

SUE status Std.k'DR AO1DR AO2DR

On .3836.019 .3956.020 .4016.020
Off .3446.019 .3366.018 .3476.019
4-7
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structed by the standard algorithm. Again, this is due to
fact that combination is suppressed by the lower effec
cone size~see Sec. V!.

Recall that atR51.3 the amount of clustering by theAO2
algorithm was nearly equal to the amount of clustering w
the standardk' algorithm. So it is of interest to see if th
AO2 algorithm reproduces results similar to the standardk'

algorithm at this value ofR. In fact, it does very nearly
reproduce these results, as shown in Fig. 13. A summar
the reconstructed Higgs boson masses is given in Table V
similar study using the cone algorithm yielded compara
results.

VII. CONCLUSIONS

We have studied two possible modifications to the ‘‘sta
dard’’ @16,17# k'-clustering algorithm for hadron-hadro
collisions, both involving angular ordering, which has be
found beneficial for some purposes ine1e2 jet studies
@24,25#. The first modified algorithm,AO1 , simply changes
the order of clustering by examining the smallest-angle p
of remaining objects first. The second,AO2 , uses in addition
a smoother measure of separation, analogous to that in

FIG. 11. A comparison between the standardk' andAO1 algo-
rithms with and without soft underlying events. The plot is gen
ated from 1000 events at a minimum hard scattering energy~PTMIN!
of 10 GeV. The calorimeter threshold energy is 0.4 GeV.

FIG. 12. A comparison between the standardk' andAO2 algo-
rithms with and without soft underlying events. The plot is gen
ated from 1000 events at a minimum hard scattering energy~PTMIN!
of 10 GeV. The calorimeter threshold energy is 0.4 GeV.
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LUCLUS algorithm@4#, which has also been recommended f
e1e2 physics@25#.

We find that, in contrast to thee1e2 case, these modifi-
cations do not appear to provide any significant advant

-

-

FIG. 13. Higgs boson masses were reconstructed through 5
Higgs boson decays generated byHERWIG. The calorimeter thresh-
old is 0.5 GeV.

TABLE V. Reconstructed Higgs boson mass. Statistical err
only ~sample size 5000 events!.

Threshold51 GeV

Algorithm type Mean Higgs boson mass
Standardk' 101.16.6
AO1 , 101.06.6
AO2 , R51.3 98.96.6
AO2 , R51.0 95.16.6

Threshold50.5 GeV

Algorithm type Mean Higgs boson mass
Standardk' 110.76.7
AO1 , 110.66.7
AO2 , R51.3 107.06.6
AO2 , R51.0 101.16.6
4-8
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over the standard hadronick'-clustering algorithm. No sig-
nificant difference was detected in the energy spectra, ra
moment, or jet axes between the standard algorithm and
AO1 algorithm. The new separation measure in theAO2 al-
gorithm did provide some differences. However, these
ferences could mostly be removed by simply increasing
cone size parameter,R. The AO2 algorithm may have less
sensitivity to the calorimeter threshold and the soft unde
ing event, but the differences are not very significant.
ic

K

D
d

R

cl

s.

v.

03401
ial
he

-
e

-

ACKNOWLEDGMENTS

A.T.P. acknowledges the financial support of the Stud
Aid Foundation of Houston, TX, and Trinity College, Cam
bridge. The work of B.R.W. was supported in part by t
U.K. Particle Physics and Astronomy Research Council a
by the E.U. Fourth Framework Program ‘‘Training and M
bility of Researchers,’’ Network ‘‘Quantum Chromodynam
ics and the Deep Structure of Elementary Particles,’’ contr
FMRX-CT98-0194~DG 12-MIHT!.
ue

b-

igh

-
nd

d-
o.

r,

.

ad-
.
.

@1# J. E. Huthet al., in Research Directions for the Decade, Pro-
ceedings of the 1990 Summer Study on High Energy Phys
Snowmass, Colorado~World Scientific, Singapore, 1992!, p.
134.

@2# For a summary of earlier efforts see, B. Flaugher and
Meier, in Research Directions for the Decade@1#, p. 125.

@3# G. Sterman and S. Weinberg, Phys. Rev. Lett.39, 1436~1977!.
@4# T. Sjöstrand, Comput. Phys. Commun.28, 227 ~1983!.
@5# JADE Collaboration, W. Bartelet al., Z. Phys. C 33, 23

~1986!; Phys. Lett.123B, 460 ~1993!.
@6# Yu. L. Dokshitzer, contribution cited in report of Hard QC

Working Group, inProceedings of the Workshop on Jet Stu
ies at LEP and HERA, Durham, UK @J. Phys. G17, 1537
~1991!#.

@7# S. Catani, Yu. L. Dokshitser, M. Olsson, G. Turnock and B.
Webber, Phys. Lett. B269, 432 ~1991!.

@8# S. Bethke, Z. Kunszt, D. E. Soper and W. J. Stirling, Nu
Phys.B370, 310~E! ~1992!.

@9# OPAL Collaboration, R. Akerset al., Z. Phys. C63, 197
~1994!.

@10# J. Chay and S. D. Ellis, Phys. Rev. D55, 2728~1997!.
@11# S. D. Ellis, Z. Kunszt and D. E. Soper, Phys. Rev. Lett.62, 726

~1989!; Phys. Rev. D40, 2188 ~1989!; Phys. Rev. Lett.64,
2121 ~1990!.

@12# W. T. Giele, E. W. N. Glover and D. A. Kosower, Nucl. Phy
B403, 633 ~1993!; Phys. Rev. Lett.73, 2019~1994!.

@13# W. T. Giele, E. W. N. Glover and D. A. Kosower, Phys. Re
D 57, 1878~1998!.

@14# CDF Collaboration, F. Abeet al., Phys. Rev. Lett.70, 713
~1993!; 77, 438 ~1996!.

@15# D0 Collaboration, S. Abachiet al., Phys. Lett. B357, 500
s,

.

-

.

.

~1995!; V. D. Elvira, in Proceedings Rencontres de Physiq
de la Vallee d’Aoste, LaThuile, Italy, 1997.

@16# S. Catani, Yu. L. Dokshitzer, M. H. Seymour and B. R. We
ber, Nucl. Phys.B406, 187 ~1993!.

@17# S. D. Ellis and D. E. Soper, Phys. Rev. D48, 2160~1993!.
@18# M. H. Seymour, in Proceedings Les Arcs 1993, QCD and h

energy hadronic interactions, p. 141.
@19# D0 Collaboration, K. C. Frameet al., presented at 1994 Meet

ing of the American Physical Society, Division of Particles a
Fields DPF 94, Albuquerque, NM, 1994~DPF Conf.
1994:1650!, Report No. FERMILAB-CONF-94-323G-E.

@20# D0 Collaboration, D. Lincolnet al., in Proceedings of the
32nd Rencontres de Moriond: QCD and High-Energy Ha
ronic Interactions, Les Arcs, France, 1997, Report N
FERMILAB-CONF-94-323G-E.

@21# M. H. Seymour, Z. Phys. C62, 127 ~1994!.
@22# J. Pumplin, Phys. Rev. D55, 173 ~1997!.
@23# M. H. Seymour, Nucl. Phys.B513, 269 ~1998!.
@24# Yu. L. Dokshitser, G. D. Leder, S. Moretti and B. R. Webbe

J. High Energy Phys.08, 001 ~1997!.
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