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Comparisons of new jet clustering algorithms for hadron-hadron collisions
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We investigate a modification of tHe -clustering jet algorithm for hadron-hadron collisions, analogous to
the “Cambridge” algorithm recently proposed fet e~ 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 dtaralgatithm
performs as well as either of these modified algorithms with respect to hadronization corrections and recon-
struction of the mass of a Higgs boson decayindpto [S0556-282(99)02703-4

PACS numbsgfs): 13.87.Fh, 12.38:t, 13.85.Hd, 14.80.Bn

[. INTRODUCTION cisely, we perform two types of comparative Monte Carlo
studies.

Jet-finding algorithms play a central role in the study of For the first set of studies, in Sec. V, we use a simple
hadronic final states in all kinds of hard-scattering processestube” model [27,28, representing the hadronic final state
Nowadays two types of jet algorithms are in common useWhen no true jet production has occurred. Here the test of a
the so-callecconealgorithms[1,2] based ultimately on the good algorithm is the extent to which it can avoid generating
Sterman-Weinber{g] definition in terms of energy flow into SPUrious jets. o
an angular region and thelustering algorithms [4,5] in For the main investigation&Sec. V) we use the4ERWIG
which jets are built up by iterative recombination. dfie~ [29] event generator to simulate true jet production over a

annihilation, the so-called Durhaf6—8] version of the clus- range of transverse energies. We compare the jet properties

tering algorithm has become most prevalent, although cong! the parton and hadraalorimetey levels, as well as the

algorithms have also been appliE@i10]. Up to now, cone sensitivity to the underlying s_oft event and calorimeter
. : ) threshold. We also generate Higgs boson events and study
algorithms have been more widely used in theoretidd- , —
13] and experimentdll4,15 studies of jets in hadron-hadron the mass resol_ut|on for the de.caf)9—>bb.
collisions. However, clustering algorithms have been pro- Our conclusions are given in Sec. VII.
posed 16—14 and are beginning to be appligt9,2q in this
case also. Comparative theoretical studie8,21-23 have !I- CRITERIA FOR A GOOD JET-FINDING ALGORITHM
suggested that this would be beneficial, from the viewpoints Although a completely “correct” assignment of particles
of stability with respect to higher-order and non-perturbativeyq jets is not a well-defined concept, owing to quantum in-
corrections and improved mass resolution for heavy objectserference effects, any jet algorithm must eventually assign
Recently, modifications to the Durham clustering algo-all hadrons to a unique jet or the “underlying event” for the
rithm for e"e™ final states have been propodéd,25 and  purpose of calculations. Clustering algorithms naturally as-
some of their properties investigat¢®5,26. They mainly  sign particles unambiguously, while cone algorithms must
concern the two aspects of the algorithm which seem to badd anad hocfinal step to deal with hadrons in overlapping
most open to improvement. The first concerns the order irtones. Association of particles that are close together in
which clustering occurs and the second the resolution oangle, or relative transverse momentum, is most natural from
separation measure that is used to decide whether clusteritige viewpoint of QCD dynamics, and therefore the original
should occur. The general conclusion fr@he™ studies is JADE clustering criterior{5] based on invariant mass has
that a change to angular ordering can help in the fine resdseen replaced bl -based criterid4,6] for the study of jets
lution of multi-jets and jet sub-structure, and that a smoothein e* e~ annihilation.
separation measure can reduce sensitivity to higher-order and Identification of jets in hadron-hadron collisions is harder
non-perturbative effects. than ine™e™ annihilation. In the latter case, the beams are
In the present paper we investigate the effects of analoaot made of composite particles; so the final states are
gous modifications to the “standardK, -clustering algo- cleaner. In particular, in a hadron-hadron collider, one must
rithm [16,17] for hadron-hadron collisions. We first review worry about “beam jets” and the “soft underlying event”
the criteria for a good jet algorithm, and then, after stating(SUE), because the initial-state particles have quark constitu-
the standard algorithm and the proposed modifications presnts themselves. One expects the quarks not involved in hard
scattering to continue along in a path near the beam line,
possibly emitting some low-momentum particles at larger
*Present address: Department of Physics, University of Califorangles due to their soft interactions. The challenge is how to
nia, Berkeley, CA 94720-7300. Email address: apierce@fnal.gov separate this “beam jet” and “underlying” hadronic energy
"Email address: brwl@cam.ac.uk from the products of the hard scattering process. For this
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purpose one needs an algorithm that eliminates particles wittiffer somewhat from those used fei' e~ physics. This is
low transverse energli (relative to the beamsas early as  primarily because the hard parton scattering process has an
possible from the clustering process, if they are not close tanknown longitudinal boost in hadron-hadron collisions.

regions of highE activity. One therefore needs to use variables that are approximately
At the same time any jet-finding algorithm must possessnvariant under such boosts.
certain basic properties in order to produce sengififite) First we require some general definitions, as follows:

results for quantities like jet cross sections. Included amon%)
these properties is insensitivity to low-energy gluon radiation
(infrared safety. An algorithm is infrared safe if it does not .
distinguish between a state with an infinitely soft radiated(")
gluon and one without.
Also required iscollinear safety In the case of infrared
safety, a zero energy emission can potentially lead to an n——lntar<6i)
1

Define a dimensionlessone sizeparameteR (usu-
ally R<1).

For each object (hadron, calorimeter cell or what-
evel in the final state, define the azimuthal anglg
the pseudorapidity

> M

infinite cross section. A parton emitted at zero angle can
have the same effect. To prevent this blowup in cross sec-
tions, the algorithm must not differentiate between two par-and the transverse energy
ticles emitted along the same line. Now, it is clear that all
algorithms will trivially satisfy these criteria at the calorim- Eni=Eising, v
gter level, because the calorimeter will have finite resolutloqNhere 9, is the polar angle with respect to the direction of
in energy and angle. However, one would hope to have an . ) .
algorithm that possesses these good theoretical properties §He of the Incoming beams in the overalll C-”T'-.”ame-
its own. ) Theseparation from the beantf objecti is
In the case of hadron-hadron interactions, the jet algo-
rithm must also allow foffactorizationof initial-state mass
singularities. That is, it must allow the singularities due to ) o ) )
initial-state collinear emissions to be factored out and re{lv) ~For each pair of objectsand] the angleis
placed by non-perturbative parton distributions, leaving the
hard scattering process to be calculated perturbatively. Ri=V(7i— 1)+ (¢i— $;)? (4)
Besides the above basic requirements, there are additional
criteria one wishes to satisfy. A good jet-finding algorithm and theseparationis
will find a minimum of “spurious jets,” that is, jets formed .
by combining unassociated soft particles from the underlying dij =min{Eq; Eqj}R; . )
event or beam jets. All algorithms will eventually give rise to
such jets, at sufficiently fine resolution. The level at which(v)  The combination procedure+ j— (ij) is
this begins to happen, and the fashion in which the spurious
jets form, is of interest. . _ _ Eqij=Eri+Eq;
From an experimentalist's viewpoint, an extremely im-
portant feature for an algorithm is its ability to reconstruct

d=EnR ()

the momenta of the parent particles of the jets as accurately 7= M

as possible, for example in the hadronic decays of heavy Erij

particles (top quarks, vector bosons, Higgs bosons,)etc.

This is an invaluable tool in new particle searches, for estab- (Etidhi+ E1jd))

lishing a potentially small signal on a potentially large back- i~ = : (6)

ground.

Other criteria for comparison include the shifts in the val-
ues of quantities that take place between the parton and had-
ron level. It is desirable to minimize these “hadronization We use here the algorithm proposed in R&6] with the
corrections.” modifications suggested in Rgf.7].

In this paper, we compare spurious jet formation, hadroni- : . . .
zation effects, the ability to pick jets out of the underlying (1) Find the pairl andJ with d;;=mind;}.
event, and the reconstruction of invariant masses, for the Tq determine whether clustering occurs, we compare this
standardk, -clustering algorithm and two possible variants separation with the separation of the object “nearest” the
of it. beam.

(2) Find the objecK with dx=min{d;}.

(3) If dj;=<dg, then combinel +J—(1J), update the
lists of d;;’s andd;’s accordingly, and go to 1.

We give here the precise definition of the standard (4) If d;;>dy, then storeK as acompleted jetremove it
k| -clustering algorithn{16,17 and then the proposed new from the lists ofd;;’s andd;’s, and go to 1.
variants. The choice of variables and combination procedure (5) lterate until all jets are completed.

A. Standard k, algorithm

Ill. ALGORITHM DEFINITIONS
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02 o4 08 08 1 FIG. 2. A misclustering of jets by the standakd-clustering
01 z=E{/(Ej+Ey) algorithm.

di(RifErot)

FIG. 1. A comparison of different separation measures. We fix

This d{; measure has interesting properties. It retains the
the total energ¥,,=E; + E; and varyz=E; /(E; + E;) from O to 1. !

same basic shape as the original definitiondgf, but it is
o now a smoothly varying function. This is shown in Fig. 1. It
The presence of the cone siein Eq. (3) ensures that ob- 5 anaj0g0us to theucLus separation measuf@] used in

jects cannot be clustered unless their separation is less th Po- physics, where it has been found to have good features
R, since otherwise eithet; or d; is less thar,; and ste4) [25]. '

removes one of them.
Step(4) is also roughly akin to the “soft-freezing” that is V. THEORETICAL PROPERTIES OF ALGORITHMS
used in the recently proposed Cambridgige™ algorithm :

[24]. By removing the less energetic objects from the list as |t is immediately clear that all the above algorithms sat-
clustering occurs, we prevent them from attracting additionalsfy the infrared safety criterion. Recall that infrared safety is

partners that could build spurious jets. obtained if measured jet variables are unchanged when an
E;+—0 parton is emitted. From the definition df; (or di’j),
B. Proposed improved algorithm: AO, it is clear that the proposed algorithms will immediately

combine such a gluon with the hard parton that emitted it.

Similarly, it is clear that the algorithms are collinear safe.
a parton emits another parton along the same direction, the
Igorithms will immediately combine the two. Therefore,
here will be no difference in the observable quantities in the
case of collinear emission.

The AO; algorithm is an angular-ordered version of the
standard algorithm. The basic idea of an angular-ordered a|f
gorithm is to use the angular variabR; , instead of the
separatiord;; , to choose the pair of objects to be considere
first for clustering.

(1) Find the pairl andJ with R;=min{R;}. The algorithms also allow factorization of initial state sin-

(2) Find the objecK with dy =min{d;}. gularities. As6;,—0, the separation from the beawh,— 0.

(3) If d;;=<dy, then combiné +J—(1J), update the lists of Therefore, the beam jets do not affect the combination of
Rij’s andd;’s accordingly, and go to 1. other jets, as hadrons collinear to the beams are immediately

(4) If d;;>d, , then we must check whether the particle pairclassified as completed jets by the algorithm, and taken off
still remains within the angular cone sizR, If it does the combination list. This allows the remaining hadrons to go
(Ri;<R), then move to the pair' andJ’ with the next- ~ aPout combination unhindered. _
smallest value oR;; and repeat stef8), with I’ andJ’ Angular-ordered algorithms attempt more possible clus-
in place ofl andJ ! terings than the standard algorithm, because they may con-

(5) If the particle pair does not lie within the fixed cone size sider other pairs of objects before coming to the pair with the

(R;>R), then storeK as acompleted jetremove it smallest separation under _tldq.metric. However, any ten-
frolrJn the’Iists ofR,’s anddy’s, and go to 1 dency towards over-clustering is balanced by the fact that the
ij i .

; . algorithms tend to start at the middle of each jet. As a con-
(6) Iterate until all jets are completed. sequence, we would hope that they tend to pick up fewer
unassociated particles on the periphery of the jet. A rough
C. Angular-ordered algorithm with new separation measure: ~ Schematic of such a case is shown in Fig. 2. In the standard
AO, algorithm, the two low-energy particles may combine. Then,
because the axis of the two has been pulled toward the cen-
fer, this composite jet may combine with the third particle. In
the angular-ordered case, the jet is built up from the center.

For the second angular-ordered algorithm we use th
same steps as iAO; but change the definition of the sepa-
ration measure between any two objects to

2E- E-. TABLE I. Multiplicity of jets in a simple tube model. Errors are
di= —"=T po—g. (7)  statistical.
U (EritEr Y
Algorithm type Particles in MaE- jet

The separation between an object and the beam remains as
before: P ) Standardk, 1.726+.007
’ AO, 1.727+.007
AO 1.446+.006

d/ =ErR=d;. (8) 2
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2.50E+03

of particles in this jet would be indicative of the amount of
clustering that is done by the algorithm, as it is likely that if
particles were combined, they would combine into a jet with
150508 a higherE; than that of a single particle.
o Drcere (0N We notice a striking similarity ofAO; to the standard
1.00E403 - k, -clustering algorithm by examining the energy spectra of
the maximumE- jets (see Fig. 3. If additional spurious jet
formation occurred in either case, one would expect to find
that energy spectra to be broader and shifted to a higher
$383-9Te2NY388°9383 energy. However, this signature is clearly absent, and the
E spectra are identical.
FIG. 3. E; spectra of the maximuri; jet in the tube model. On the other hand, there is indeed a difference between
the standardk, algorithm and theAO, algorithm (Fig. 4).

Thus, the two central particles can combine, leaving thd.ess clustering occurs in the case of %@, algorithm. This
wide-angle particle to be resolved separately. is a result of the definition of the separation measd{p,

Cases such as these would lead us to hope that thdotice that in Fig. 1 the separation measure useA@y is
angular-ordered algorithms might be able to separate the imgreater than that foAO,, for all values ofE+. As a result,
teresting high=; jets more effectively from the soft under- the clustering condition will be satisfied less frequently. Con-
lying event. However, the above schematic only works in asequently, the energy spectrum for the new separation mea-
fairly limited kinematic window. In most cases, the wide- sured;; is shifted to lower energies, indicative of less clus-
angle radiation will still lie within the cone siZ®, and com-  tering.

2.00E+03

Frequency

5.00E+02

0.00E+00

bination will still take place as in the standatd-algorithm. It is interesting to vary the cone size parameRerio see
where a comparable amount of clustering occurs. As seen in
V. TUBE MODEL STUDIES Fig. 5, it is found that this happens whBnis increased from

. : . nity to a val f roximatelg=1.3.
Here a “tube” of particles is taken to be a cylinder of unity to a value of approximatelR=1.3

particles uniformly distributed inp and . The transverse
momenta of the particles in the tube have a strongly damped
exponential distribution. This simulates the hadronization of
a soft hadronic collision or underlying event. There are no HERWIG [29] is a Monte Carlo event generator that can be
true jets, and so any jet found is spurious, which is a usefulised to simulate many kinds of events. First the hard scat-

VI. HERWIG MONTE CARLO STUDIES

comparative test of algorithni24]. tering process is calculated perturbatively, and then parton
The particle multiplicity in this model is given by showers are generated until a given scale is reached, on the
order of the hadron masses. Hadronization is simulated by

(n)zzilo (Ec_m) ) combining partons into colorless clusters, which decay to

(py) hadrons. The model conserves local flavor and energy mo-

mentum flow. The underlying event is modelled as a separate
where u is the invariant mass per unit rapidithere set to  collision between colorless clusters containing hadron rem-
0.5 GeV), E. . is the center-of-mass energy, affl) gives  nants. For our study, QCD events were generated in symmet-
the average transverse momentum per partiat@in set to  ric pp collisions at a center-of-mass energy of 1.8 TeV, as at
0.5 Ge\). The model was run at a center-of-mass energy ITevatron Run I.
TeV, which gave(n)=15 particles per event. Each algo-  For each type of test conducted, we attempted to ascertain
rithm was run on 10000 events. the difference between applying a jet algorithm at the parton

It was found that there was no difference in jet formationand calorimeter level. In order to run the algorithms at the

between the standatd algorithm and theAO, algorithm.  parton level, thedERWIG simulation was simply stopped be-
We looked at the number of particles included in the jet withfore hadronization, and the clustering was conducted on the
the maximunE+ (see Table)l It is expected that the number partons at this stage. This is not entirely equivalent to the

calculation of quantities via perturbation theory, but should

1800

still give a good comparative indication of hadronization ef-
- fects. At the calorimeter level, a simple segmentation simu-
o0 lation was used30]. The calorimeter was segmented into 63
g 1o B rdered (303 equal cells in¢, for a resolution of .1 rad and 100 cells in
E w0 BSndargkt | pseudo-rapidity covering a region from5< =<5, for the
500 same rapidity resolution. The energy resolution of each cell
400 is given by
0-‘0 " © o " © ° " - " - " "
Jet Energy (GeV)
7(E) _ Nees (10
FIG. 4. E; spectra of the maximurk jet in the tube model. E \/E
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5 TABLE II. Shift in jet axes. Errors are statistical. Here calorim-
&, . v " eter threshole1 GeV.
3 .
= *
e e et * Nprwin Std.k, AR AOAR AOAR
s . ¢
E o ¢ ¢ 30 .109+.008 .11G:.008 .108-.009
§ 50 .07G+.006 .071.005 .073:.006
g 70 .062+.005 .062.005 .055.005
<, 90 .052+.004 .054t.005 .050t.005
Cone size parameter
FIG. 5. A measure of the amount of clustering done byAl@ B. Jet radial moment

algorithm as the cone size parameter is varied. . . . .
We also examine the change in the jet radial moment,

which is a measure of how the energy is distributed about the

) ) ) jet axis. The radial moment is defined [d8,23
where Nges is a constant that differs for the hadronic and

electromagnetic calorimeters. As a rough guide, we used
Nges= 0.1 for the electromagnetic anblges=0.5 for the R= > EriR (12)
hadronic calorimetersH being measured in GeV constituents Ejet
To cover a range of jet energies, we varied HERWIG
parametePTMIN, which sets the minimum parton transverse
energy for the hard scattering processes. By varying this pavhereR; is the angular separation of tith parton or calo-
rameter, we examined jet transverse energies from 30 to 9@meter cell from the jet axis. A more compact jet, with its
GeV with comparable statistics. A thousand events were colenergy concentrated near the jet axis, has a smaller value of
lected at each value GfrMIN. (R).
In a comparison between the radial moments, as defined
in Eq. (12), it seems that all of the algorithms have similar
discrepancies between the parton and calorimeter I€sets

A. Shift in jet axis Fig. 6). However, note that the radial moment for th&,
For each algorithm, we investigate the shift in jet axis,algorithm is smaller. Again, this more collimated jet is a
AR, given by result of the larger separation meas(see Fig. 7.
As a consequence of these results on the radial moment,
AR= \(1partor— Meatorimete)” + (Ppartori— Pealorimete) one would expect that the standad-clustering algorithm

(1) and theAO, algorithm would perform similarly in the recon-
struction of Higgs boson masses, whii€®, would, in gen-

_ _ o ~_eral, reconstruct lower masses. In Sec. VIF, we find that the
This measure gives an indication of whether the algorithm ig|gorithms do, in fact, follow this behavior.

doing a good job of preserving the direction of parton energy
flow at the calorimeter level. Depending on how invariant
masses are reconstructed, this can have a radical effect on the C. Jet energy spectra
masses of reconstructed particles.

level and calorimeter level show little difference between thetion of particles took place for a given algorithm, one would

algorithms. The scheme used to pair the calorimeter jets Wit'%xpect to see a rise in cross section for higher jet energies
parton jets was rudimentary. It simply took the two highest-5,q a corresponding decrease for lower jet energies.

Er jets and matched them in such a way as to minimize the The spectra for the three algorithms are shown in Fig. 8.

total AR for these two jets. Other schemes are possible, suciihe standard, algorithm and theAO, are quite similar to

as optimizing over a larger number of jets or looking for theone another. Moreover, the results at the calorimeter and
highestE+ jets on opposite sides in azimuth. Variations of parton levels are similar. This indicates relatively small had-

the AR matching scheme are a possible topic for future in-ronization corrections. Note, however, that both algorithms

vestigation. As shown in Table I, the values AR agree show a tendency to push the calorimeter spectrum to lower
within statistical error. This is a somewhat surprising resultenergies. This is most likely a consequence of forming spu-
given the angular nature of the new algorithm. rious low-energy jets.

Note also that the calorimeter has finite angular resolu- The spectrum shows an overall shift to lower energies in
tion, AR=0.1. This serves to increase the valueAR for  the case of thé O, algorithm. This is expected on account
each algorithm, but should not affect any one more than thef the lower effective jet radiuR (see Sec. Y. It also seems
others. It seems, then, that all three algorithms that weréo show slightly less distortion of the spectrum between the
investigated have similar shifts in jet axes. parton and the calorimeter levels.
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@ Standard KT Algorithm
WAO1
AAO2

A Jet Shape (calorimeter-parton)

|

40 50 60 70 80 90 100
Transverse Energy of Jet (GeV)

20 30 110 120

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

D. Sensitivity to calorimeter threshold energy

It was also investigated whether the two algorithms dif-
fered in their sensitivity to the threshold energy in the calo-
rimeter cells. In the radial moment analy$&ec. VI B only
cells having energies greater than 1 GeV were included a
initial “particles” for the algorithms to cluster.

025

3
o

A
o i =
Vois z * i
g « Calorimeter Level
2 A Parton Level
» o1
pi
7]
2
0.05 +
20 30 40 50 60 70 80 9 100 110 120
(a) Transverse Energy of Jet (GeV)
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' i F = 3 3
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g- & Calorimeter Level
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FIG. 7. Radial moment curves féa) standard, , (b) AO; and
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FIG. 8. Transverse energy spectraaf standard, , (b) AO,
and(c) AO,.

This reduces the multiplicity of final-state particles to a
reasonable number, thereby speeding up computing. The
threshold value was changed from 1 GeV to 0.5 GeV, and
1000 events were generated at a minimum hard process scale
(PTMIN) of 50 GeV.

Indeed all algorithms did show some sensitivity to the
threshold. As expected, the radial moment increased at the
smaller threshold. This corresponds to an increased number
of calorimeter cells in the jet. However, theO; algorithm
and the standarHll, -clustering algorithm seem to be equally
sensitive to the change in threshold energy, as shown in Fig.
9. The AO, algorithm seems to be slightly less sensitive to
variation in the calorimeter thresholfig. 10.

(c) AO,. The curves are constructed from 1000 events at each of All three algorithms displayed similar behavior with re-

NPTMIN: 30,50,70,90

spect to changes in shifts in the jet axis when the threshold
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o TABLE Ill. Shift in jet axes. Errors are statistical. HepgMmIN is
% o % fixed at 50 GeV, and the sample size is 1000 events.

0.07
E 006 i o 1 GoV Thesnoo G Threshold Stdk, AR AOAR AOAR
.§ 0.05 i E 1 5GeV Threshold: AO1
7 o i3 T 5 GeV .070-.006 .07%.005 .072-.006
E o N S 1 GeV .072-.005 .070.005 .07%.006
g 0.01 ;
< 0 3

0.01 10 20 30 40 50 60 70 80 o

Energy of Jet (GeV) H 0, bb. (13)

FIG. 9. A comparison between the standardand AO, algo-
rithms at different calorimeter thresholds. Here we examine theEvents were generated in symmet@p collisions at a
difference in the radial moment between the calorimeter and theenter-of-mass energy of 2 TeV, similar to the energy at
parton levels. Tevatron Run 1.

In order to reconstruct the Higgs boson mass, one must
was varied. This is illustrated in Table Ill. All three algo- Select the two jets from which the Higgs boson will be re-
rithms seem to perform in an identical manner in this tes€onstructed. We reconstructed the Higgs boson mass at the
calorimeter level by simply looking at the invariant mass of
the two most energetic jets. In an actual experimbntger-
texing information could be taken into account to help pick
the correct jets. Our method of jet selection is too simplistic,

Because of an angular-ordered algorithm’s tendency t¢yt it should be sufficient for comparative purposes.
incorporate fewer particles at wide angles to the jet, one The first feature to notice is that all the algorithms recon-
would hope that it would be less sensitive to the soft understryct the Higgs boson mass with a large width. The natural
lying event. width of the Higgs boson at this energy is about 50 MeV,

In HERWIG, one can turn the underlying event on and off whereas the spread in the reconstructed mass is on the order
with a simple switch. Runs were made with and without thegf 30 GeV.

SUE at a lowerrTMIN=10 GeV.(see Table IY. With the In the case of a calorimeter threshold of 1 GeV, every
minimum hard scattering scale at a lower energy, one woul@jgorithm examined tends to undershoot the Higgs boson
expect the algorithms to have a difficult time separating thnass. This is partially due to resolving part of thgets into
high-E+ jets from the SUE. Indeed, we find that the hadroni-geparate jets, which are not included in the final mass. In
zation effects for all algorithms are worse with the SUE. addition, energy can be lost to calorimeter cells that do not
However, the algorithms seem to display nearly identical rereach the threshold. Therefore, one would expect that the
actions to the presence of a SUE. We find that the hadronieconstructed mass would depend on the calorimeter thresh-
zation corrections are not reduced for either angular-ordereg|q.

algorithm(Figs. 11 and 1p Initially, we used a rather harsh threshold of 1 GeV to
limit the multiplicity of calorimeter cells in the final state.
This slightly simplified situation is sufficient to show that the
AOQ; algorithm and standarkl, algorithm reconstruct Higgs

We also usetHERWIG to generate Monte Carlo events poqon masses in a nearly identical fashion, as illustrated in
containing a standard model Higgs boson with a mass of 118;, 13.

GeV. At this mass, the Higgs boson decays almost entirely “\, order to reduce the energy lost through the high calo-
through the channel rimeter threshold, we also examined the case where the
threshold was lowered to an energy of 0.5 GeV, which prac-
. tically eliminated the large mass offset.
o As one would expect, there is a larger difference between
007 the standard, algorithm and the\O, algorithm. The Higgs
flininpedt boson mass reconstructed by the, algorithm with a cone

4 1GeV Threshold: SKT size parameteR=1 is significantly below the mass recon-
@ 5GeV Threshold: Std KT

case.

E. Sensitivity to soft underlying events

F. Reconstruction of the Higgs boson mass

0.06
0.05
0.04
0.03
0.02
0.01

- e e

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

A Radial Moment (calorimeter-parton)

HH
® {5t t ot HEG
B>+ Hue—+

Energy of Jet (GeV)

) SUE status Stck, AR AOAR AGAR
FIG. 10. A comparison between the standirdandAO, algo-
rithms at different calorimeter thresholds. Here we examine the On .383t.019 .395-.020 .40%.020
difference in the radial moment between the calorimeter and parton Off 344+ 019 .336-.018 .347.019

levels.
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FIG. 11. A comparison between the standikrdandAO, algo-
rithms with and without soft underlying events. The plot is gener-
ated from 1000 events at a minimum hard scattering en@myN)
of 10 GeV. The calorimeter threshold energy is 0.4 GeV.

structed by the standard algorithm. Again, this is due to the
fact that combination is suppressed by the lower effective
cone size(see Sec. Y

Recall that aR= 1.3 the amount of clustering by tHeO,
algorithm was nearly equal to the amount of clustering with
the standardk, algorithm. So it is of interest to see if the
AO, algorithm reproduces results similar to the standard
algorithm at this value oR. In fact, it does very nearly
reproduce these results, as shown in Fig. 13. A summary o
the reconstructed Higgs boson masses is given in Table V. £
similar study using the cone algorithm yielded comparable
results.

VII. CONCLUSIONS
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7
8
8

@std
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FIG. 13. Higgs boson masses were reconstructed through 5000
We have studied two possible modifications to the “stan-Higgs boson decays generated HsrRwiG. The calorimeter thresh-

dard” [16,17 k, -clustering algorithm for hadron-hadron old is 0.5 GeV.
collisions, both involving angular ordering, which has been
found beneficial for some purposes @'e” jet studies LucLus algorithm[4], which has also been recommended for
[24,29. The first modified algorithmAO,, simply changes e*e™ physics[25].
the order of clustering by examining the smallest-angle pair We find that, in contrast to thete™ case, these modifi-
of remaining objects first. The secom®iO,, uses in addition  cations do not appear to provide any significant advantage
a smoother measure of separation, analogous to that in the

TABLE V. Reconstructed Higgs boson mass. Statistical errors

, 018 - 3 only (sample size 5000 events
g 0.16 +
] 014 1 . Thresholeé=1 GeV
§ c 012 [ ] g } « SUE On- Std KT Algorithm type Mean Higgs boson mass
_g 01+ . ™ SUE Off: Std KT Standard(L 101& 6
g 008y A SUE On: AO2 AOy, 101.0-.6
0.06 ® SUE Off: AO2 AO,, R=13 98.9-.6
g 0.04 + AO,, R=1.0 95.1-.6
0.02 +
<2 0 ‘ . ‘ Thresholdg=0.5 GeV
0 10 20 30 40 Algorithm type Mean Higgs boson mass
Jet Energy (GeV) Standardk, 110.7+.7
FIG. 12. A comparison between the standardand AO, algo- AQq, 110.6£.7
rithms with and without soft underlying events. The plot is gener- AO,, R=1.3 107.6-.6
ated from 1000 events at a minimum hard scattering en@myiN) AO,, R=1.0 101.x .6

of 10 GeV. The calorimeter threshold energy is 0.4 GeV.
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