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Selection and reconstruction of the top quarks in the all-hadronic decays at a linear collider
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A method of reconstruction of the top quarks produced in the processe1e2→t t̄→6 jets at a linear collider
~LC! is proposed. The approach does not involve a kinematic fit, as well as assumptions on the invariant
masses of the dijets originating from the decays ofW bosons and, therefore, the method is expected to be less
sensitive to theoretical and experimental uncertainties on the top-mass measurement than traditional recon-
struction methods. For the first time, the reconstruction of the top quarks is investigated using the full LC
detector simulation after taking into account the background arising from QCD multijet production.
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I. INTRODUCTION

The standard procedure of top-quark measurements in

processe1e2→t t̄→bb̄q1q̄2q3q̄4→6 jets takes advantage o
a fully reconstructed final state. The decay signature is c
acterized by the production of six hadronic jets; therefore
background arising from the standard six-jet QCD proces
is expected. Nevertheless, since the all-hadronic top-qu

decay has the largest branching ratio (.44% of all t t̄ de-
cays!, it is considered one of the most promising at the F
milab Tevatron, CERN Large Hadron Collider~LHC! and a
Linear Collider~LC!.

A reduction of the background from QCD multijet even
can be achieved by identification ofb initialized jets ~the
so-calledb tagging!. Furthermore, one can use the requi
ment that the invariant mass of two jets~not associated with
the b quarks! is consistent with the decay of theW bosons.
These two methods were used for top-quark reconstruct
at the Fermilab Tevatron~see, for example,@1#!, and also are
considered for the LHC@2# and LC experiments@3–7#.

The reconstruction of top quarks in the all-hadronic d
cays is known to be affected by many theoretical uncerta
ties: the extraction of the top-quark pole mass has a theo
ical uncertainty of around 300 MeV and cannot
determined with a precision better thanO(LQCD) @8–10#. In
addition, incomplete knowledge of the hadronic final st
leads to an uncertainty of a few hundreds MeV@7#. For the
latter, one of the most significant uncertainties is related
the reconstruction of theW mass MW after minimizing
uM j j 2MWu, whereM j j is the dijet invariant mass. The wa
the large Breit-Wigner tails of the decayW→2 jets is treated
when the top-quarks are reconstructed directly affects
reconstructed top mass@7#. A significant impact on the re
constructed top mass may come from nonperturbative p
nomena, such as color rearrangement@11–15# and Bose-
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Einstein effects@16,17#, which are expected to shift th
reconstructed masses in theW1W2 andt t̄ production. Thus,
any approach involving the reconstruction ofW→2 jets is
bound to lead to a systematic shift for the top reconstructi
For example, it has been shown that the present implem
tation of the Bose-Einstein effect in a Monte Carlo mod
can contribute to a shift in the reconstructed top m
through a distortion of theM j j spectrum@7#. Similar effects
are expected for the color-reconnection phenomenon wh
is anticipated to be significant for the LC energies.

In this article, a simple reconstruction method which do
not involve the direct measurement of the decayW→2 jets is
proposed. This method is very general, and is suitable for
reconstruction of any process in which a particle~V! and an
antiparticleV̄ are produced and then decay as:

e1e2→V1V̄→vaVa1vbVb ,

Va→V11V̄2 , Vb→V31V̄4 ,

without a prior knowledge on the masses of the intermed
particles, denoted asVa and Vb . The effectiveness of this
method is based on the assumptions that the initial-state
ticles, V and V̄, have similar~but not equal! masses,uMV
2MV̄u!MV(V̄) , and that the simplicity ofe1e2 annihilation
allows to use the momentum conservation,PW V1PW V̄50.
These two requirements, together with the fact that both
tial particles decay similarly into three other particles, a
essential in the reconstruction of the invariant masses oV

and V̄ through six jets in the final state.

II. RECONSTRUCTION PROCEDURE

We considere1e2 collisions in the laboratory frame. As
first step, six jets in the event have to be reconstructed.
use thek' ~Durham! algorithm @18#, requiring exactly six
jets in every event, without any specific cuts on the tra
verse momenta and rapidity of the jets.
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A. Event selection

To preselect hadronic events, we use the typical CE
e1e1 collider LEP cuts which take advantage of the ener
momentum conservation requirements:

UEv is

As
21U,DE ,

U( pW i iU
( U pi

WU,DPL ,
U( pW TiU
( U pi

WU ,DPT ,

~1!

whereEv is is the visible energy,pW uu i (pW Ti) is the longitudinal
~transverse! component of momentum of a final-state pa
ticle. The DE , DPL , and DPT are small adjustable param
eters. The top events are characterized by a large amou
missing energy/momentum due to undetected neutrin
therefore, the selection~1! is especially important as it help
to reject events with a significant fraction of neutrinos@7#.

The jets in the all-hadronic top-decay channel should
well separated in the transverse momenta. The best wa
do this is to apply a restriction on the values ofy6

cut used in
the Durham algorithm to resolve six jets. We accept o
events ify6

cut.Dy , with Dy being a parameter to be foun
using a Monte Carlo simulation. A similar cut was appli
for the JADE jet algorithm in the study of the all-hadron
top decay using the LCD fast simulation@3#.

B. Top reconstruction

We start with the initial list of six jets with momentapi .
These jets are merged into groups, with three jets in e
group. Thus, every event can be considered to consis
pairs of the three-jet groups with momenta$PI(1),PI(2)%,
wherePI(1)[Pi , j ,m5pi1pj1pm is the four-momentum of
each group, andPI(2) was obtained analogously using th
rest of the jets in the same event. In total, there are twe
three-jet groups, which can be arranged into ten three
pairs with nonidentical momenta, i.e.,I 51, . . . ,10.Ideally,
from these ten pairs of three-jet clusters, one should ac
only one three-jet pair corresponding to two initially pr
duced particles. In practice, it is difficult to find the corre
assignments of jets due to fragmentation and detector effe
Therefore, a special selection should be performed in o
to minimize the number of three-jet pairs. Assuming that
produced particles have similar masses, we accept s
three-jet pairs if the invariant masses of the three-jet gro
satisfy the conditionuMI(1)2MI(2)u,DM , whereMI is the
invariant mass of a three-jet group with the momentumPI ,
andDM is a free parameter constraining the invariant mas
of three jets inside each pair.

Next, energy-momentum conservation can be used to
an additional constraint on the momenta of three-jet gro
within each three-jet pair. We accept only three-jet grou
which are produced back to back, i.e., we requireuPW I(1)
1PW I(2)u,DP , whereDP is again an adjustable paramete

The following additional selection criteria may also b
used.
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~1! The list of three-jet groups contains top-quark can

dates, which decay ast→bW→bqq̄. In order to reduce the
number of possible three-jet pairs, one can use an effic
doubleb-tagging, requiring one and only oneb-initiated jet
within each three-jet group. All three-jet pairs which have
least one three-jet group with twob-initiated jets have to be
removed. This leads to six possible three-jet pairs, compa
to ten if nob tagging is used.

~2! Each three-jet group should contain two jets comi
from the decay of theW boson. Thus, one can remove su
three-jet groups which cannot be associated with
W-decay hypothesis. This can be done by accepting s
three-jet pairs which have the invariant masses of any
jets inside the regionuM j j 2MWu,DW . This requirement is
not advocated in this article as it makes the specific phy
assumptions on the invariant mass and width of theW boson.

These two additional criteria are optional; in fact, we w
show that even without them one can obtain a robust rec
struction procedure.

C. Monte Carlo studies

To illustrate the method outlined above, we first apply
to the all-hadronic top decays ine1e2 annihilations at the
center-of-mass energy ofAs5500 GeV generated using th
PYTHIA 6.2 model @19#. The contribution from the initial-
state radiation~ISR! can be rather significant at LC energie
thus this effect was included in the simulation. The mass
the Breit-Wigner width of the top quarks were set to t
defaults values, 175 GeV and 1.39 GeV, respectively. T
particles with the lifetime more than 3 cm are considered
be stable. Neutrinos were removed from the consideratio

In order to reconstruct the top quarks using the propo
method, one should define the following:~a! the parameters
for the event selection—DE , DPL , DPT , Dy , ~b! the param-
eters for the final reconstruction—DM and DP . The event-
selection parameters should not be large in order to ins
small contaminations from neutrinos resulting to a broad a
asymmetric Breit-Wigner peak for the three-jet mass dis
bution. In this study, we will apply rather tight cuts,DE
5DPL5DPT50.02. The parameterDy requires an additiona
study: Fig. 1 shows the distribution for the all-hadronic t
decays and fore1e2 inclusive events~but without the
e1e2→t t̄→6 jets process! generated with thePYTHIA

model. The top events are characterized byy6
cut.Dy52

31024, thus this value is used for the studies below.
The parameterDM controls the maximum difference be

tween masses of two top-quark candidates. It was set to
GeV, which is large enough to insure a reasonable ev
acceptance, but sufficiently small to exclude wrong assi
ments of jets. The parameterDP55 GeV further reduces the
contributions from unmeasured neutrinos. Note that the la
cut is not very important for the generator-level study, sin
the event selection is already very strong. In practice, s
cuts should not be very tight to obtain a reasonable acc
tance after a detector reconstruction.

Figure 2 shows the three-jet invariant masses after
selection procedure described above, but without the requ
ments of doubleb tagging, and also without the cut o
1-2
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SELECTION AND RECONSTRUCTION OF THE TOP . . . PHYSICAL REVIEW D 67, 074011 ~2003!
uM j j 2MWu. Two different functions were used to fit th
peak:~a! the Breit-Wigner distribution~with the fixed width
of 1.39 GeV! convoluted with a Gaussian and~b! the Breit-
Wigner function alone. The first-order polynomial is used
order to describe the background in both cases. The mo
tion for the Gaussian convoluted with the Breit-Wigner fun
tion comes from the assumption that contributions of ma
independent effects~parton-shower splittings, hadronizatio
and resonance decays! should yield a Gaussian-like distribu
tion. As seen from Fig. 2, the best fit can be obtained
using the Breit-Wigner function alone, while the Gauss
does not describe adequately the tails of the mass distr
tion. Based on this empirical observation, we will use t

FIG. 1. The values ofy6
cut for the all-hadronic top decays an

for the rest of inclusivee1e2 sample~continuum! generated with
the PYTHIA model.

FIG. 2. The distribution of three-jet invariant masses fore1e2

→t t̄→6 jets events atAs5500 GeV. The all-hadronic decay chan
nel was generated with thePYTHIA model with ~open dots! and
without ~solid dots! the Bose-Einstein effect. The peak position a
the width were determined from the Breit-Wigner distributio
which gives the bestx2 for the fit. A Gaussian convoluted with th
Breit-Wigner distribution~with the fixed width of 1.39 GeV! is also
shown~dashed line!. The first-order polynomial is used to describ
the background. The solid line shows the fit for the invariant m
obtained from thePYTHIA models without the BEC32 effect in
cluded.
07401
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Breit-Wigner function to fit the mass spectra before the
detector simulation.

The fact that the Gaussian distribution fails to describe
mass spectrum might indicate a strong correlation betw
different effects leading to non-Gaussian broadening of
natural width. It was verified that a sum of two Gaussi
distributions gives a better fit than the Gaussian distribut
alone, but the Breit-Wigner still gives the best fit. It is like
that a sum of many Gaussian distributions should be use
fit the mass spectrum. In this case, an unknown weight
each Gaussian contribution would reflect the fraction
events with a particular property.

One interesting feature of the invariant-mass distribut
shown in Fig. 2 is that it has no background in the region
small three-jet masses, where the major contribution fr
the QCD multijet background is expected. This can be
plained as following: any misassignment of jets at a cen
of-mass energy far from the top-production threshold usu
increases the observed three-jet invariant mass, since in
case the misassignment jet usually has a significant a
with respect to the rest of the jets in the three-jet group. T
ultimately increases the three-jet invariant masses.

As was mentioned in the Introduction, this method is e
pected to be less sensitive to the hadronic-final-state un
tainties which usually arise when the invariant mass of
dijets from the decayW→2 jets is reconstructed. Figure
shows the three-jet invariant-mass distributions without a
with the Bose-Einstein interference included. We use the
called ‘‘BE32’’ type of the Bose-Einstein simulation, whic
is included in thePYTHIA 6.2 model@19#. It is clear that no
significant shift for the reconstructed top mass can be att
uted to the Bose-Einstein effect when the proposed metho
used for the top reconstruction.

III. TOP RECONSTRUCTION USING THE FULL
DETECTOR SIMULATION

The reconstruction of the top quarks after the full detec
simulation was performed in a few steps:

~1! Fully inclusivee1e2 annihilation events were gene
ated with thePYTHIA 6.2 model, which was based on th
default parameters. Events with theW1W2Z andZZZ pro-
duction leading to six jets in the final state were not includ
in the simulation, as they have a small contributi
(;2% –4%). In total, 270k events were generated. Th
sample approximately corresponds to twenty days of the
data taking.

~2! From this sample,e1e2→t t̄→everything events
were passed through the fullGEANT-based detector simula
tions. The number of such events was 9.6 k. The DE
e1e2 collider TESLA detector@20# simulation based on the
BRAHMS 305 @21# program was used for the event reco
struction. Of particular importance for the present study
the tracking system based on the time projection cham
~TPC! and the calorimeter~CAL!. The TPC is surrounded by
the CAL, which is longitudinally segmented into electroma
netic and hadronic sections. The electromagnetic calorim
is based on tungsten absorber and silicon diode pads, w
the hadronic part is an Fe/scintillating tile calorimeter. A

s

1-3
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S. V. CHEKANOV AND V. L. MORGUNOV PHYSICAL REVIEW D67, 074011 ~2003!
particles in events were reconstructed using a combinatio
track and calorimeter information that optimizes the reso
tion of the reconstructed jets@22#.

~3! The rest of the sample~without the top quarks! was
treated differently: energies of the final-state particles in s
events were smeared around the true values according t
Gaussian resolution functions in order to imitate the dete
response. Charged hadrons~with energy denoted byEch)
were smeared using the Gaussian distribution withs
51024Ech

2 . Analogously, photon energiesEg were smeared
usings50.12AEg, while the energiesEn of neutral hadron
were distributed according tos50.4AEn. Particles close to
the beam pipe were removed, to reproduce the geomet
acceptance of the LC detector.

The selection and the reconstruction of top quarks atAs
5500 GeV are based on the parameters given in Table~a!.
These parameters are the same for the generated and r
structed event samples. For the former sample, neutr
were removed, as well as particles which are inside the b
pipe. The cuts on the energy/momentum imbalance were
termined after the study of the detector resolution, and w
optimized to obtain a reasonable efficiency of the reconst
tion. Figure 3 illustrates the distributions of the total eve
energy before and after the detector simulation. A signific
missing energy due to neutrinos and the ISR is obser
even before the event reconstruction. The event-selec

TABLE I. The parameters used for the selection and reconst
tion of the top quarks ine1e2 annihilation at:~a! As5500 GeV~b!
As5800 GeV.

DE DPL DPT Dy

DM

~GeV!
DP

~GeV!

~a! PYTHIA,
As5500 GeV

0.07 0.04 0.04 231024 40 20

~b! PYTHIA,
As5800 GeV

0.4 0.3 231024 40 20

FIG. 3. The distributions of the total event energies ofe1e2

→t t̄ events before and after the LC detector reconstruction.
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cuts are by a factor two–three larger than the resolution
the corresponding variable. Events were removed if at le
one lepton is found with an energy above 20 GeV; the m
tivation for this cut is clear from Fig. 4.

Figure 5 shows the three-jet invariant masses for the
constructed all-hadronic decays in the processe1e2→t t̄ be-
fore the detector simulation. The width of the Breit-Wign
distribution, 9.5 GeV, is somewhat larger than that shown
Fig. 2, since now a larger contribution from the missi
energy/momentum is allowed to obtain a higher select
efficiency. This width will be used in the following figure
for the Breit-Wigner function.

Figure 6 shows the three-jet invariant masses after the
detector simulation and event reconstruction. The ba
ground events from the nontop continuum were added a
the Gaussian smearing. The cuts are the same as for Fi
except for the cut ony6

cut . A significant reduction of the

c-

FIG. 4. The reconstructed energies of the final-state leptons
semileptonic top decays and for thee1e2→everything events.

FIG. 5. The invariant-mass distributions for three-jet clusters

e1e2→t t̄ process atAs5500 GeV generated using thePYTHIA

model before the LC detector simulation. The all-hadronic dec
were selected and reconstructed using the parameters given in
I~a!.
1-4
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SELECTION AND RECONSTRUCTION OF THE TOP . . . PHYSICAL REVIEW D 67, 074011 ~2003!
background can be obtained by selecting events withy6
cut

.231024, as seen from Fig. 7. Note that this cut is t
same as for the generator-level studies, since the LC dete
simulation does not distort significantly they6

cut distribution.
Additional assumptions can further increase the sign

over-background ratio. For example, Fig. 8 shows that
cut on the invariant mass of two jets inside each three
group, uM j j 2MWu,15 GeV, reduces the background. Fu
ther, a check using the generator-level reconstruction in
cated that an efficient doubleb-tagging can decrease th
background by;50%. This, however, has no significant im
pact on the Gaussian width, which is 5.0–5.5 GeV for
current detector design and event reconstruction.

IV. TOP RECONSTRUCTION AT AsÄ800 GeV

The proposed method is well suited for a higher cen
of-mass energy ofe1e2 collisions. The reconstruction is ex
pected to be even more reliable: Since the hadronic jets
better collimated along the momenta of the produced
quarks, any wrong jet assignment significantly increases
invariant mass for such a miss-reconstructed top candid
This should lead to a large invariant-mass difference betw
miss-reconstructed three-jet groups, therefore, such gro
which will be removed by the cut onuMI(1)2MI(2)u more
effectively.

At higher energies, however, missing event ener

FIG. 6. The invariant-mass distributions for three-jet pairs o
tained from the fully inclusivee1e2 PYTHIA events. Eventse1e2

→t t̄ were passed through the full detector simulation, while
continuum was obtained after the Gaussian smearing of the orig
particle momenta. The top events were selected and reconstr
using the parameters given in Table I~a!, but without the cut on
y6

cut . The fit is based on the Breit-Wigner function convoluted w
a Gaussian, plus a liner function to describe the background.
width of the Breit-Wigner distribution is fixed to 9.5 GeV~see
Fig. 5!.
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momentum is larger due to higher energies of neutrin
Therefore, the selection cuts should further be optimized
obtain a reasonable selection efficiency. Table I~b! shows the
event-selection and top-reconstruction cuts applied forAs
5800 GeV. We also use the same reconstruction cuts as
As5500 GeV to be able to compare the results with t
previous founding. Note that they6

cut distribution for As
5800 GeV is somewhat different than that shown in Fig.
now the distribution extends down toy6

cut51025, and has a

-

e
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FIG. 7. Same as Fig. 6, but after applying the cuty6
cut.2

31024.

FIG. 8. Same as Fig. 7, but in addition, only three-jet groups
shown which have at least one jet pair withuM j j 2MWu
,15 GeV.
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small peak aty6
cut;1024. This is due to a better collimation

of jets originating from the top quark. It was found, howev
that a decrease ofDy for events atAs5800 GeV has a smal
impact on the final selection efficiency.

Figure 9 shows the three-jet invariant masses fore1e2

→tt̄ events generated withPYTHIA before the detector simu
lation. The PYTHIA event sample has the same size as
Sect. III. The signal-over-background ratio is significan
larger for events atAs5800 GeV than forAs5500, as ex-
pected.

Note that the efficiency of the top selection is less by
factor two than fore1e2 annihilation atAs5500 GeV. It
was found that most of the events were rejected by the
uPW I(1)1PW I(2)u,DP , thus this cut is the main in reducin
the fraction of events with significant missing energies fro
neutrinos. A check without the cut on the energy/moment
imbalance shows a very similar result as for the case with
these cuts included. Generally speaking, the cuts on the e
imbalance can be applied mainly to reduce the computatio
time before the top reconstruction, rather than to improve
signal-over-background ratio.

Figure 10 shows the reconstructed signal after the dete
simulation and when events from the continuum were
cluded. No cuts on the dijet invariant mass were applied,
this figure is equivalent to Fig. 7 for the lower center-of-ma
energy. The signal forAs5800 GeV has significantly les
background, however, the number of the reconstructed
candidates is also smaller due to rejection of events w
large energy losses.

It is important to notice that the width of the Gaussi
distribution is larger for As5800 GeV than for As
5500 GeV. There are a few reasons for this. First, the
ergy resolution of the CAL is worse for higher jet energie
This, however, cannot completely explain the observed
crease in the mass width. Again, let us remind that jets fr
the decay of a single top are better collimated atAs
5800 GeV; thus a larger degree of overlaps between en

FIG. 9. The invariant-mass distributions for three-jet clusters

e1e2→t t̄ process atAs5800 GeV generated using thePYTHIA

model. The all-hadronic decays were selected and reconstructe
ing the parameters given in Table I~b!.
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deposits in the calorimeter is expected which makes it m
difficult to reconstruct the energy-flow objects. Furthermo
one should expect a stronger leakage for neural particles
side the calorimeter.

V. SNAGGING THE TOP QUARKS USING A NEURAL
NETWORK

Neural networks~NN! have seen an explosion of intere
over the last years, and have been successfully applied
paten recognition problems in particle physics. Based on
top-reconstruction approach described above, in this sec
we will devise a NN method to select top events using
hadronic-final-state signatures of the all-hadronic decays

As a first step, one should define the variables for N
input which are likely to be influential. The event-shape va
ables represent the most efficient way to separate thet t̄ from
the continuum@4,23#. The thrustT @24,25#, major M j , and
oblateness (Ob) event characteristics will be our primar
choice. The allowed range for thrust is 0.5<T<1, such that
the isotropic events haveT;0.5, while a two-jet configura-
tion should haveT;1. We use as positive direction of th
thrust axis the direction of the most energetic jet. The thr
axis is defined as the axis along which the projected ene
flow is maximized. The major is sensitive to the energy flo
in the plane perpendicular to the event thrust axis, and
direction is defined in the same fashion as thrust. The mi
axis is the third axis, which is perpendicular to the thrust a
major axis. The difference between the major and minor v
ues is called the oblateness, such thatOb;0 corresponds to
an event configuration symmetrical around the thrust a
Figures 11~a!–11~c! show the values of the thrust, major an
oblateness for thePYTHIA 6.2 model, after the energy smea

r

us-

FIG. 10. The reconstructed invariant masses for the all-hadro
top-decay channel generated with PYTHIA forAs5800 GeV after
the LC detector simulation. The applied cuts are as for Fig. 7. T
Breit-Wigner width is taken from Fig. 9.
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SELECTION AND RECONSTRUCTION OF THE TOP . . . PHYSICAL REVIEW D 67, 074011 ~2003!
ing to imitate the LC detector response. The shaded b

represents thee1e2→t t̄→6 jets events, scaled according
the predicted cross section. It is clear that the values of
thrust and the major have the best sensitivity to the top-qu
production, while the oblateness reflects the properties of
top decays in less extent.

It is mandatory to use additional information on the i
variant mass of the decaying system, together with the v
ables discussed above which mainly focus on the topolog
properties of the event shapes. Since the top mass is app
mately known, and because the production of two top qua
at As>500 GeV is above the top-production energy thre

old, ane1e2→t t̄ event can be viewed as a simple two-bo
decay with nonoverlapping decay products. The top eve
can be divided in two event hemispheres, each of which
an invariant mass close to the top mass. The hemisphere
be defined by using the thrust axis, such that particles w
positiveZ component belong the first hemisphere, while p
ticles with Z,0 form the second hemisphere. Figure 11~d!
shows the invariant-mass distribution,M250.5(Ma1Mb),
whereMa (Mb) is the invariant mass of the hadronic syste
in the first ~second! hemisphere. For thee1e2→t t̄→6 jets
events, the invariant mass has a broad peak near the g
ated ~true! top-mass value, whilee1e2 events without the
all-hadronic top decays typically have rather low invaria
masses.

Furthermore, since the all-hadronic top decay is char
terized by a six-jet configuration, one can use this inform
tion for the top selection. Particularly,yN

cut values of the reso-
lution parameter of the Durham algorithm for which anN-jet
configuration becomes an (N11)-jet system can also be us
ful. We have already illustrated that the cut ony6

cut alone has

FIG. 11. The values of the thrust, major, oblateness and
invariant masses of event hemispheres for fully inclusivee1e2

PYTHIA events generated without thet t̄→6 jets process and for th
all-hadronic top decays~shaded area!.
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a significant impact on the selection of the all-hadronic t
decays.

A. Standardizing inputs

The contribution of an input for a NN depends heavily
its variability relative to other inputs. Therefore, it is esse
tial to rescale the inputs, so their variability reflects th
importance. We will rescale some inputs to the interv
@0,1#, which is the most popular choice for the NN inputs

In the case of the event shape distributions, we do not
any rescaling, since all these variable are already in the
terval@0,1#. For the mass distributionM2 , we used the func-
tion A1(lnM22A2), with A153.4758 andA255.0106. This
choice was advocated in@26#, and here we only adjusted th
free parametersA1 and A2 , such that this new variable i
zero for mt5150 GeV, and it equals unity whenmt
5200 GeV.

The situation withyN
cut values is more complicated, sinc

their values strongly depend onN. As an example,y2
cut for

which 2 jets become a three-jet system has a significa
larger value thanyN.2

cut . For the all-hadronic top decay, th
relative importance ofyN

cut values for event configuration
with largeN is higher than for lowN. Therefore, in order to
treat all inputs on an equal footing, we transformed allyN

cut

values according to the expressionYi5 i 2yi 11
cut i 51, . . . ,6,

which increases the relative weights ofyN
cut values in the NN

input for events with many jets.

B. Training sets

We have trained the NN to learn just one number in
range between 0 and 1. When the NN output is unity, t
corresponds to the most probable top candidate in the
hadronic decays.

A few data sets were used. The first event sample is
the NN training. It consists of 40ke1e2 PYTHIA events with
the ISR included. One half of this sample contains fully i
clusive events but without thee1e2→t t̄→6 jets process,
while another half contains the all-hadronic decays oft t̄ .
The top masses were generated according to the B
Wigner distribution with the nominal~peak! positions flatly
distributed in the interval 1502200 GeV. The momenta o
the final-state particles were smeared as discussed in S
III. The second set contains also 40k events; half of them
the fully hadronic top decays. This set was used to asses
performance~generalization! of the learning, in order to
avoid overfitting.

C. Neural network architecture and the results

The neural network selection was based on the Stutt
neural network simulator@27# with the logistic activation
function 1/(11exp(2x)). A feed-forward architecture with
one output node representing the probability of the obse
tion of the fully hadronic top decays was used. For an inp
we use nine nodes representing 12T, M j , the rescaling
value of the invariant mass,M2 , and six values ofYi repre-
senting the Durham-algorithm resolution parameters. We

e
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vestigated the effect of varying the number of hidden lay
and nodes in these layers. It was found that one hidden l
with seven nodes was sufficient to achieve the best selec
performance.

The neural net was applied to select the top events f
the sample discussed in Sec. III. The NN output, shown
Fig. 12, has clear peaks near zero and unity. Events w
accepted if the NN output values are above 0.97.

Figure 13 illustrates the reconstructed top events after
NN event selection. The top reconstruction was the sam
for Fig. 6. The signal-over-background ratio is larger th
that without the NN selection, as well as the statistical er
on the top mass is smaller than for Fig. 7 and 8. Howeve
small shift in the reconstructed mass was observed wh
should properly be taken into account after a correction p
cedure. In addition, the shape of the background is less
derstood than in the case without the NN selection.

FIG. 12. The output of the neural network for the fully inclusiv
PYTHIA events after the Gaussian smearing of particle moment
imitate the LC detector response.

FIG. 13. The invariant-mass distribution for three-jet clust
after the NN selection. The event selection as for Fig. 6.
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VI. ACCURACY OF THE TOP-QUARK MEASUREMENTS

The Monte Carlo luminosity used in this analysis corr
sponds to 16 fb21 for As5500 GeV and 33 fb21 for As
5800 GeV. Our results indicate that the statistical error
the top-mass measurement for this luminosity is about 38
450 MeV. Thus, for an integrated luminosity of 300 fb21,
corresponding to one to two years of running, the propo
method for the all-hadronic decay channel will lead to a s
tistical error ofdmt;100 MeV atAs5500 GeV. The statis-
tical uncertainty on the mass measurement forAs
5800 GeV is by a factor two larger due to a significa
missing energy from neutrinos. Tables II and III show t
final results.

The direct measurement of the top-quark width in th
decay mode is difficult. The reconstructed width is by mo
than a factor ten larger than the generated~true! top width.
Therefore, other methods should be investigated to be ab
measure the top width from the hadronic-final-state sig
tures ofe1e2 collisions.

One can also roughly estimate the statistical accuracy
the measurements of the total cross section for the
hadronic top-decay channel. This study indicated that
number of the top candidates is around 2k for 16 fb21. This
number of the top candidates was obtained from 4224t t̄
→6 jets events, thus the acceptance is;24%. For an inte-
grated luminosity of 300 fb21, about 80kt t̄→6 jets events
are expected assumings t t̄50.6 pb. This leads to;260
60.9 fb for the observed cross section, thus the relative
curacy is 0.35%. After the event reconstruction,;19200
6124 events are expected, leading to 64.860.4 fb, and to a
relative accuracy of 0.6%.

to

TABLE II. The statistical uncertainties on the top-mass me
surement assuming an integrated luminosity of 300 fb21 for e1e2

annihilation events atAs5500 GeV. The table also shows the typ
cal reconstructed widths for the cases: a! without using the NN~see
Fig. 7! and ~b! with the NN selection~see Fig. 13!.

PYTHIA,
As5500 GeV

dmt

~GeV!
BRW width

~GeV!

Gaussian
width
~GeV!

Generated 0.030 9.560.4
~a! Reconstructed 0.105 9.5~fixed! 5.060.2
~b! Reconstructed~NN! 0.087 9.5~fixed! 5.260.1

TABLE III. The statistical uncertainties on the top-mass me
surement fore1e2 annihilation events atAs5800 GeV assuming
an integrated luminosity of 300 fb21. The table also shows the
typical reconstructed widths.

PYTHIA,
As5800 GeV

dmt

~GeV!
BRW width

~GeV!
Gaussian

width ~GeV!

Generator level 0.04 7.760.4
Reconstructed level 0.230 7.7~fixed! 9.560.4s
1-8
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VII. SUMMARY

For the first time, the all-hadronic top decays were stud
using the full DESYe1e2 collider TESLA detector simula-
tion, after taking into account a realistic contribution fro
multijet QCD background. This was done using a n
method of the reconstruction, which is expected to be l
sensitive to experimental and theoretical uncertainties ari
from the direct measurement of the dijets with the invari
masses close theW mass. Note that the method is very ge
eral and can be used for the reconstruction of any two p
ticles decaying into six jets ine1e2 collisions. Also, the
proposed approach is significantly simpler than the t
reconstruction method adopted at the Fermilab Tevat
where a kinematic fit is used. The present method takes
vantage of the fact that, ine1e2 annihilation, the entire had
ronic event can be reconstructed. Therefore, essentially
produced particles can be grouped into jets using an ex
sive jet algorithm, while energy-momentum conservat
provides an additional handle for the top reconstruction.
contrast, the reconstruction of top quarks at the Ferm
Tevatron and LHC is characterized by a large missing ene
along the beam directions, and by the use of inclusive
algorithms which combine only a relatively small fraction
the produced hadrons into jets. We did not use the doubb
tagging to obtain the top signal; we have verified that
b-tagging reduces the QCD background, but does not ha
significant impact on the reconstructed width of the t
quark.
SM
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The DESYe1e2 collider TESLA detector resolution fo
the top-mass measurement based on the energy-flow a
rithm is 5–5.5 GeV forAs5500 GeV. This value is almos
independent of method used to reconstruct the top qua
For As5800 GeV, the detector resolution is 9.5 GeV. Su
an increase is due to higher jet energies, larger overlaps
tween energy deposits used for the energy-flow objects
well as a larger calorimeter leakage. These two numbers
be used for comparisons with other detector designs an
other methods of the event reconstruction. Note that e
before the detector simulation, a significant width for t
three-jet mass spectrum due to fragmentation effects is
served; thus the reconstruction of the top width from ha
ronic jets is very unlikely.

In this paper, we have estimated the typical statistical
certainties on the top mass measurement, as well as the
tistical uncertainty anticipated for the top-quark producti
cross section in the all-hadronic decay channel. The met
leads to a statistical uncertainty ofdmt.100 MeV for the
modest value of the luminosity, 300 fb21. This uncertainty is
compatible with the statistical precision for the most pro
ising lepton-plus-jets decay channel at the LHC@2#, and is
well below the theoretical systematic uncertainty anticipa
for the pole top mass. An essential aspect of this method
understand limitations arising from experimental systema
uncertainties. However, this study has not been carried
yet.
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