PHYSICAL REVIEW D 67, 074011 (2003

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 pracbs§—>tt_ﬂ6 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 decay$\ohosons 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 Einstein effects[16,17], which are expected to shift the

reconstructed masses in thé" W~ andtt production. Thus,
The standard procedure of top-quark measurements in thgny approach involving the reconstruction \&f— 2 jets is
procese’ e~ —tt—bbg,q,030,— 6 jets takes advantage of bound to lead to a systematic shift for the top reconstruction.
a fully reconstructed final state. The decay signature is chafFor example, it has been shown that the present implemen-
acterized by the production of six hadronic jets; therefore, dation of the Bose-Einstein effect in a Monte Carlo model
background arising from the standard six-jet QCD processe@an contribute to a shift in the reconstructed top mass
is expected. Nevertheless, since the all-hadronic top-quarirough a distortion of thé/;; spectrum(7]. Similar effects
. ) — are expected for the color-reconnection phenomenon which
decay. h.as the .Iargest branching ratie 44% .Of alitt de- is anticipated to be significant for the LC energies.
cqys, itis considered one of the most promising at the Fer- In this article, a simple reconstruction method which does
mllab TevaFron, CERN Large Hadron ColliddrHC) and a not involve the direct measurement of the deéy- 2 jets is
Linear Collider(LC). . proposed. This method is very general, and is suitable for the
A reduction of the background from QCD multijet events yoconstruction of any process in which a partié¥ and an
can be achieved by identification &f initialized jets (the antiparticIeVare produced and then decay as:
so-calledb tagging. Furthermore, one can use the require- ’
ment that the invariant mass of two jétst associated with .
the b quarks is consistent with the decay of thw bosons. ete" =V+V—uv,Vatu,Vy,
These two methods were used for top-quark reconstructions
at the Fermilab Tevatro(see, for exampld,l]), and also are — —
considered for the LHE2] and LC experiment§3—7]. Va—=Vi+Vy,  Vp— V3t Vg,
The reconstruction of top quarks in the all-hadronic de-
cays is known to be affected by many theoretical uncertainwithout a prior knowledge on the masses of the intermediate
ties: the extraction of the top-quark pole mass has a theoreparticles, denoted a¥, and V. The effectiveness of this
ical uncertainty of around 300 MeV and cannot bemethod is based on the assumptions that the initial-state par-
dete?r.mine_d with a precision better thél{A oco) [8_1.0]' In ticles, V and V, have similar(but not equal masses|M,
f\ddmon, mcompletg knowledge of the hadronic final State—Mﬂ«Mv(v), and that the simplicity o&*e~ annihilation
eads to an uncertainty of a few hundreds Mg\l. For the L=
llows to use the momentum conservatidhy,+ Py=0.

latter, one of the most significant uncertainties is related t h ; . ts. togeth ith the fact that both ini
the reconstruction of théV mass M,y after minimizing nese wo requirements, together wi e fact that both Ini-
tial particles decay similarly into three other particles, are

IMj;—My/|, whereM; is the dijet invariant mass. The way L ‘ . )
the large Breit-Wigner tails of the deciy— 2 jets is treated essential in the reconstruction of the invariant masse¥ of

when the top-quarks are reconstructed directly affects th@ndV through six jets in the final state.
reconstructed top magg]. A significant impact on the re-
constructed top mass may come from nonperturbative phe- Il RECONSTRUCTION PROCEDURE
nomena, such as color rearrangemght—15 and Bose-

We considee’ e collisions in the laboratory frame. As a

first step, six jets in the event have to be reconstructed. We

*Electronic address: chekanov@mail.desy.de use thek, (Durham algorithm [18], requiring exactly six
TAlso at ITEP, B.Cheremushkinskaya, 25, Moscow, 117218, Rusjets in every event, without any specific cuts on the trans-
sia; Electronic address: morgunov@mail.desy.de verse momenta and rapidity of the jets.
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A. Event selection (1) The list of three-jet groups contains top-quark candi-
To preselect hadronic events, we use the typical CERNlates, which decay @s-bW—bqq. In order to reduce the
e*e! collider LEP cuts which take advantage of the energy-number of possible three-jet pairs, one can use an efficient
momentum conservation requirements: doubleb-tagging, requiring one and only oreinitiated jet
within each three-jet group. All three-jet pairs which have at
E > z > least one three-jet group with twwinitiated jets have to be
Py Pri removed. This leads to six possible three-jet pairs, compared
<Ae, T <Ak 778 to ten if nob tagging is used.
2 pi’ 2 ’ pi‘ (2) Each three-jet group should contain two jets coming
(1) from the decay of th&V boson. Thus, one can remove such

three-jet groups which cannot be associated with the
W-decay hypothesis. This can be done by accepting such

whereE; is the visible energyﬁni (pyi) is the longitudinal fthre(_a—je_t pairs Whi_ch have the invariant_masse_s of any two
(transversg component of momentum of a final-state par-Jets inside the regiotM;; —My|<Ay. This requirement is
ticle. TheAg, Ap,, andApr are small adjustable param- not advocated in this article as it makes the specific physics
eters. The top events are characterized by a large amount 8$Sumptions on the invariant mass and width ofthisoson.
missing energy/momentum due to undetected neutrinos, These two additional criteria are optional; in fact, we will
therefore, the selectiofl) is especially important as it helps show_that even without them one can obtain a robust recon-
to reject events with a significant fraction of neutrif@s. struction procedure.

The jets in the all-hadronic top-decay channel should be
well separated in the transverse momenta. The best way to C. Monte Carlo studies

do this is to apply a restriction on the valuesygf" used in To illustrate the method outlined above, we first apply it
the Durham algorithm to resolve six jets. We accept onlyiy the all-hadronic top decays &'e~ annihilations at the
events ifyg'™> Ay, with Ay being a parameter to be found center-of-mass energy afs=500 GeV generated using the
using a Monte Carlo simulation. A similar cut was applied pyriyia 6.2 model[19]. The contribution from the initial-
for the JADE jet algorithm in the study of the all-hadronic giate radiatiorfISR) can be rather significant at LC energies,
top decay using the LCD fast simulati¢8]. thus this effect was included in the simulation. The mass and
the Breit-Wigner width of the top quarks were set to the
defaults values, 175 GeV and 1.39 GeV, respectively. The
particles with the lifetime more than 3 cm are considered to
We start with the initial list of six jets with momentg . be stable. Neutrinos were removed from the consideration.
These jets are merged into groups, with three jets in each In order to reconstruct the top quarks using the proposed
group. Thus, every event can be considered to consist ahethod, one should define the followin@) the parameters
pairs of the three-jet groups with momerta,(1),P,(2)}, for the event selection&¢, Ap , Apr, Ay, (b) the param-
whereP(1)=P; ; n=Pp;+p;+ Pm is the four-momentum of eters for the final reconstructionrAy andAp. The event-
each group, andP,(2) was obtained analogously using the selection parameters should not be large in order to insure
rest of the jets in the same event. In total, there are twentgmall contaminations from neutrinos resulting to a broad and
three-jet groups, which can be arranged into ten three-jeisymmetric Breit-Wigner peak for the three-jet mass distri-
pairs with nonidentical momenta, i.é+=1,...,10.Ideally,  bution. In this study, we will apply rather tight cutdg
from these ten pairs of three-jet clusters, one should accept Ap| =Apr=0.02. The parametek, requires an additional
only one three-jet pair corresponding to two initially pro- study: Fig. 1 shows the distribution for the all-hadronic top
duced particles. In practice, it is difficult to find the correct decays and fore*e™ inclusive events(but without the
assignments of jets due to fragmentation and detector effectg+e~_, (1.6 jets process generated with thepyTHIA
Therefore, a special selection should be performed in ord ; t _
to minimize the number of three-jet pairs. Assuming that th%igﬂi -{P:Les E[?llias \e/;leur;tsisaurzegP}iﬁtr:]teerzsddiz?bzésv 2
produced particles have similar masses, we accept such The,parameteAM controls the maximum differenc.e be-
thrg-e-jet pairs if. Fhe invariant masses of the three-jet 9rOUPRyeen masses of two top-quark candidates. It was set to 30
satisfy the cond|t|or11M,(1)_—M,(2)|<A_M , whereM, is the GeV, which is large enough to insure a reasonable event
invariant mass of a three-jet group with the moment®m 5. antance, but sufficiently small to exclude wrong assign-
andAy, is a free parameter constraining the invariant masseg,ants of jets. The parametap=5 GeV further reduces the

of tl\r:ree jets inside each pair. _ o g contributions from unmeasured neutrinos. Note that the latter
ext, energy-momentum conservation can be used t0 S, j5 not very important for the generator-level study, since

an a}dditional consfcraint on the momenta of threejjet 9roUPHhe event selection is already very strong. In practice, such

within each three-jet pair. We accept only three-jet groupg, s should not be very tight to obtain a reasonable accep-

which are produced back to back, i.e., we requif(1)  tance after a detector reconstruction.

+P,(2)|<Ap, whereA; is again an adjustable parameter.  Figure 2 shows the three-jet invariant masses after the
The following additional selection criteria may also be selection procedure described above, but without the require-

used. ments of doubleb tagging, and also without the cut on
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B. Top reconstruction
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] Breit-Wigner function to fit the mass spectra before the LC
i detector simulation.
Continuum Top events The fact that the Gaussian distribution fails to describe the
mass spectrum might indicate a strong correlation between
different effects leading to non-Gaussian broadening of the
natural width. It was verified that a sum of two Gaussian
distributions gives a better fit than the Gaussian distribution
alone, but the Breit-Wigner still gives the best fit. It is likely
that a sum of many Gaussian distributions should be used to
fit the mass spectrum. In this case, an unknown weight for
each Gaussian contribution would reflect the fraction of
events with a particular property.
One interesting feature of the invariant-mass distribution
7 i shown in Fig. 2 is that it has no background in the region of
0% 100 1027 107! ] small three-jet masses, where the major contribution from
ygout the QCD multijet background is expected. This can be ex-
plained as following: any misassignment of jets at a center-
FIG. 1. The values of¢" for the all-hadronic top decays and of-mass energy far from the top-production threshold usually
for the rest of inclusivee” e sample(continuum generated with  jncreases the observed three-jet invariant mass, since in this
the PYTHIA model. case the misassignment jet usually has a significant angle
with respect to the rest of the jets in the three-jet group. This
IMj;—Myl. Two different functions were used to fit the ultimately increases the three-jet invariant masses.
peak:(a) the Breit-Wigner distributior{with the fixed width As was mentioned in the Introduction, this method is ex-
of 1.39 GeVJ convoluted with a Gaussian aifd) the Breit-  pected to be less sensitive to the hadronic-final-state uncer-
Wigner function alone. The first-order polynomial is used intainties which usually arise when the invariant mass of the
order to describe the background in both cases. The motivalijets from the decayV— 2 jets is reconstructed. Figure 2
tion for the Gaussian convoluted with the Breit-Wigner func-shows the three-jet invariant-mass distributions without and
tion comes from the assumption that contributions of manywith the Bose-Einstein interference included. We use the so-
independent effectgarton-shower splittings, hadronization, called “BE32" type of the Bose-Einstein simulation, which
and resonance decayshould yield a Gaussian-like distribu- is included in therYTHIA 6.2 model[19]. It is clear that no
tion. As seen from Fig. 2, the best fit can be obtained bysignificant shift for the reconstructed top mass can be attrib-
using the Breit-Wigner function alone, while the Gaussianuted to the Bose-Einstein effect when the proposed method is
does not describe adequately the tails of the mass distribused for the top reconstruction.
tion. Based on this empirical observation, we will use the
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IIl. TOP RECONSTRUCTION USING THE FULL
PYTHIA: ’» DETECTOR SIMULATION

Peak=174.61 + 0.03 GeV

8000F- o+ 5 ff, \5=500 GeV Width=7.10_:+ 0.08 GeV

The reconstruction of the top quarks after the full detector

Events / 2 GeV

o PYTHIA; BECS2: simulation was performed in a few steps:
6000 ® PYTHIA Peak=174.57 + 0.03 GeV (1) Fully inclusivee* e~ annihilation events were gener-
O PYTHIA+BE32 | Width=7.00 +0.08GeV | y g

ated with thePYTHIA 6.2 model, which was based on the
default parameters. Events with ti¢"W~Z andZZZ pro-
duction leading to six jets in the final state were not included
in the simulation, as they have a small contribution
; ... S8aens (~2%-4%). Intotal, 270k events were generated. This
T sample approximately corresponds to twenty days of the LC

5000

— signal+backg.

4000

3000

2000

1000
| ST I R data taking. _
MiGav] (2) From this sample,e’e” —tt—everything events
FIG. 2. The distribution of three-jet invariant masses éoe ™ were passed through the fubEanT-based detector simula-

Htt_HGjets events at/s=500 GeV. The all-hadronic decay chan- “9”5_' TTI'ed nu?é)g[:tj such eglgnt_s Wlas_ 9.6b K. 'I(;he DfSY
nel was generated with thevyTHIA model with (open doty and e etectof20] simulation based on the

without (solid dots the Bose-Einstein effect. The peak position and BRAHMS 305 [21] program was used for the event recon-
the width were determined from the Breit-Wigner distribution, Struction. Of particular importance for the present study are
which gives the besg? for the fit. A Gaussian convoluted with the the tracking system based on the time projection chamber
Breit-Wigner distribution(with the fixed width of 1.39 GeYis also  (TPC) and the calorimetefCAL). The TPC is surrounded by
shown(dashed ling The first-order polynomial is used to describe the CAL, which is longitudinally segmented into electromag-
the background. The solid line shows the fit for the invariant masd1etic and hadronic sections. The electromagnetic calorimeter
obtained from thepyTHIA models without the BEC32 effect in- is based on tungsten absorber and silicon diode pads, while
cluded. the hadronic part is an Fe/scintillating tile calorimeter. All

074011-3



S. V. CHEKANOV AND V. L. MORGUNOV PHYSICAL REVIEW D67, 074011 (2003

TABLE I. The parameters used for the selection and reconstruc- 2 SRR R AR RN AR R R RRRE
tion of the top quarks ie*e~ annihilation at:(a) \s=500 GeV(b) § 1
\s=800 GeV. . 103 All leptons .

Av  Ap ]
Ag  Ap. App Ay (GeV) (GeV) // Leptons from W .
. 447 |
(a) PYTHIA, 007 0.04 004 x10* 40 20 10
J/s=500 GeV % 1
(b) PYTHIA, 0.4 0.3 2x10% 40 20 7 ]
\/s=800 GeV 10 EX
Rk
R e
articles in events were reconstructed using a combination o EOR SRR AN
g ; g SRR

track and calorimeter information that optimizes the resolu-
tion of the reconstructed je{22].

(3) The rest of the sampléwithout the top quarkswas
treated differently: energies of the final-state particles in such FIG. 4. The reconstructed energies of the final-state leptons for
events were smeared around the true values according to teemileptonic top decays and for teée” —everything events.
Gaussian resolution functions in order to imitate the detector
response. Charged hadrofwith energy denoted b¥.,)  cuts are by a factor two—three larger than the resolution on
were smeared using the Gaussian distribution with the corresponding variable. Events were removed if at least
= 10*4E§h. Analogously, photon energids, were smeared one lepton is found with an energy above 20 GeV; the mo-
usinge=0.12/E, while the energie&, of neutral hadron tivation for this cut is clear from Fig. 4.
were distributed according to=0.4\E,. Particles close to Figure 5 shows the three-jet invariant masses for the re-
the beam pipe were removed, to reproduce the geometricagbnstructed all-hadronic decays in the process™ —tt be-
acceptance of the LC detector. fore the detector simulation. The width of the Breit-Wigner

The selection and the reconstruction of top quarkg/sat  distribution, 9.5 GeV, is somewhat larger than that shown in
=500 GeV are based on the parameters given in Tdhle | Fig. 2, since now a larger contribution from the missing
These parameters are the same for the generated and recemergy/momentum is allowed to obtain a higher selection
structed event samples. For the former sample, neutrinosfficiency. This width will be used in the following figures
were removed, as well as particles which are inside the bearfor the Breit-Wigner function.
pipe. The cuts on the energy/momentum imbalance were de- Figure 6 shows the three-jet invariant masses after the full
termined after the study of the detector resolution, and weréetector simulation and event reconstruction. The back-
optimized to obtain a reasonable efficiency of the reconstrucground events from the nontop continuum were added after
tion. Figure 3 illustrates the distributions of the total eventthe Gaussian smearing. The cuts are the same as for Fig. 5,
energy before and after the detector simulation. A significanexcept for the cut ory"™'. A significant reduction of the
missing energy due to neutrinos and the ISR is observed

0 20 40 60 80 100 120 140 160 180
E (GeV)

even before the event reconstruction. The event-selectior Breit-Wigner it B
% = Peak= 174.80 + 0.13 GeV
& 400 + Width= 9.5+ 0.4 GeV
77/ N FPYTHIA \'s=500 GeV + Candidates=4117
= [ ] 2 350
§ L ] s C m— signal+backg.
Q250 - ] @ 300E
:DTrue ] o
[ 250
200 - /) Reconstructed R o
r ] 2001—
150 & ] 150—
] 100
100 - E
L ] 50—
B i . &y
50 - ] 20 140 160 180 200 220
Lt 1 M (GeV)
it n

300 350 400 450 500 550 600 650

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

E (GeV) e"e —tt process at/s=500 GeV generated using therTHIA
model before the LC detector simulation. The all-hadronic decays
were selected and reconstructed using the parameters given in Table

I(a).

FIG. 3. The distributions of the total event energiesedfe”
—tt events before and after the LC detector reconstruction.
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| BRW @ GaUSS | Peak= 177.45+ 0.98 GeV | BRW @ GaUSS | Peak= 175.52+ 0.45 GeV
BRW width= 9.5 GeV BRW width= 9.5 GeV
Gauss width= 3.7+ 1.1 GeV = G idth=5.0+ 0.2 GeV
E 800 E aus:andldates=1i 059 | ° E 200 5 | auszav:llclidates=1 982 T
- - \s=500 GeV ; | $ T o~ - \s=500 GeV .| | e Background
= = | [ =~ C
1] L T 2 350
5 & 0 M % 5 F
E 600 :I ................. ﬁ 300 :_
C e C
500 o + e +' e Background 250F
:_ ------- Signal E
400 g 200
r — Global Fit E
300 150 :
200 100888 ,
100 N 50 //"
y PR Y .p—q--‘i"T‘ | |\~:."| ----- T N E ~-1--4--r"|'"-.‘ Ly v Ly T‘.r.'f"'- |
'?20 140 160 180 200 220 ‘P20 140 160 180 200 220
M (GeV) M (GeV)

FIG. 6. The invariant-mass distributions for three-jet pairs ob- FIG. 7. Same as Fig. 6, but after applying the ggt">2

tained from the fully inclusivee*e™ PYTHIA events. Eventg*e™ X104
—tt were passed through the full detector simulation, while the
continuum was obtained after the Gaussian smearing of the originahomentum is larger due to higher energies of neutrinos.
particle momenta. The top events were selected and reconstructdtherefore, the selection cuts should further be optimized to
using the parameters given in Tabl@)| but without the cut on  obtain a reasonable selection efficiency. Talie $hows the
y§'!. The fit is based on the Breit-Wigner function convoluted with eyent-selection and top-reconstruction cuts applied \fer
a Gaussian, plus a liner function to describe the background. The- gno GeV. We also use the same reconstruction cuts as for
\[/:v_ldth of the Breit-Wigner distribution is fixed to 9.5 Gelsee \/§: 500 GeV to be able to compare the results with the

9.9 previous founding. Note that thgg" distribution for Js
=800 GeV is somewhat different than that shown in Fig. 1:

background can be obtained by selecting events Wﬁ now the distribution extends down yg”‘= 105, and has a

>2x10"4, as seen from Fig. 7. Note that this cut is the
same as for the generator-level studies, since the LC detector
simulation does not distort significantly ty§"' distribution. ~ | BRW @ Gauss | Peak= 176.08% 0.5 GeV
Additional assumptions can further increase the signal- Pl gt W
over-background ratio. For example, Fig. 8 shows that the | candidates=1175
cut on the invariant mass of two jets inside each three-jet
group, |Mj; —M,,|<15 GeV, reduces the background. Fur-
ther, a check using the generator-level reconstruction indi-
cated that an efficient double-tagging can decrease the
background by~50%. This, however, has no significant im-
pact on the Gaussian width, which is 5.0-5.5 GeV for the
current detector design and event reconstruction. 150

1
250 we Background

\'s=500 GeV

Events / 3 GeV

200

IV. TOP RECONSTRUCTION AT /s=800 GeV

100
The proposed method is well suited for a higher center-

of-mass energy od" e~ collisions. The reconstruction is ex- § :
pected to be even more reliable: Since the hadronic jets ar 50 /
better collimated along the momenta of the produced top 3
quarks, any wrong jet assignment significantly increases the
invariant mass for such a miss-reconstructed top candidate
This should lead to a large invariant-mass difference betweet

—@AT T T
—o3
— 05

P ke Lt P

L% Cekeks it ST W N TN Y W AT W U |
P50 140 160 180 200 220

. . M (GeV)
miss-reconstructed three-jet groups, therefore, such groups
which will be removed by the cut ofM,(1)—M,(2)| more FIG. 8. Same as Fig. 7, but in addition, only three-jet groups are
effectively. shown which have at least one jet pair withM;;—My/]

At higher energies, however, missing event energy/<15 GeV.
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> 200 Peclee 17630 %013 Go¥ |1 | BRW @ Gauss | Peak= 78375 0.76 GV
8 - Width= 7.7 = 0.4 GeV _WIdIh=7.7 GaV
~ 180 Candidates=1962 > C Gauss width=9.5+ 0.4 GeV
2 “PYTHIA \s=800 GeV & 160 | candidates=855
£t 160 — signal+backg. C ;
C ™ . -~ Background
: 1w L e % 140 \'s=800 GeV l ©
- ] C
120 § C
C 12 L.
100~ w 0:
80f- 100~
60— C
= 80 L
40— C
20— 60
E AP TET LT Sk ke aluickriuinh MM -8
20 140 160 180 200 220 a0
M (GeV) K
FIG. 9. The invariant-mass distributions for three-jet clusters for 20:— "\.,
e"e” —tt process at/s=800 GeV generated using therTHIA C _—— ’ | i S
model. The all-hadronic decays were selected and reconstructed u: -Pz()r 1140' I '1 60. I I180| I I200| I 122.6”
ing the parameters given in Tabléb). M (GeV)

small peak ayg"'~10 4. This is due to a better collimation FIG. 10. The reconstructed invariant masses for the all-hadronic

of jets originating from the top quark. It was found, however, top-decay channel generated with PYTHIA f@s=800 GeV after
that a decrease @Ny for events at\/gz 800 GeV has a small the LC detector simulation. The applied cuts are as for Fig. 7. The
impact on the final selection efficiency. Breit-Wigner width is taken from Fig. 9.

Figure 9 shows the three-jet invariant massesefoe™ o . . . .
— deposits in the calorimeter is expected which makes it more

—tt events generated withvTHIA before the dEteCth SIMU-gifficult to reconstruct the energy-flow objects. Furthermore,
lation. ThePYTHIA event sample has the same size as for

Sect. Ill. The signal-over-background ratio is significantly one should expect a stronger leakage for neural particles out
side the calorimeter.
larger for events at/s=800 GeV than for,/s=500, as ex-
pected.
Note that the efficiency of the top selection is less by a
factor two than fore*e™ annihilation atys=500 GeV. It

was found that most of the events were rejected by the cut Neural networkgNN) have seen an explosion of interest
|P,(1)+P,(2)|<Ap, thus this cut is the main in reducing over the last years, and have been successfully applied for
the fraction of events with significant missing energies frompaten recognition problems in particle physics. Based on the
neutrinos. A check without the cut on the energy/momentuniop-reconstruction approach described above, in this section
imbalance shows a very similar result as for the case withoutve will devise a NN method to select top events using the
these cuts included. Generally speaking, the cuts on the evehadronic-final-state signatures of the all-hadronic decays.
imbalance can be applied mainly to reduce the computational As a first step, one should define the variables for NN
time before the top reconstruction, rather than to improve théput which are likely to be influential. The event-shape vari-
signal-over-background ratio. ables represent the most efficient way to separatéttfrem
Figure 10 shows the reconstructed signal after the detect@he continuun(4,23]. The thrustT [24,25, major Mj, and
simulation and when events from the continuum were inpplateness ©b) event characteristics will be our primary
cluded. No cuts on the dijet invariant mass were applied, i.e ghoice. The allowed range for thrust is &% <1, such that
this figure is equivalent to Fig. 7 for the lower center-of-massthe isotropic events have~ 0.5, while a two-jet configura-
energy. The signal for/s=800 GeV has significantly less tion should havel~1. We use as positive direction of the
background, however, the number of the reconstructed toghrust axis the direction of the most energetic jet. The thrust
candidates is also smaller due to rejection of events withixis is defined as the axis along which the projected energy
large energy losses. flow is maximized. The major is sensitive to the energy flow
It is important to notice that the width of the Gaussianin the plane perpendicular to the event thrust axis, and its
distribution is larger for \'s=800 GeV than for \'s  direction is defined in the same fashion as thrust. The minor
=500 GeV. There are a few reasons for this. First, the enaxis is the third axis, which is perpendicular to the thrust and
ergy resolution of the CAL is worse for higher jet energies.major axis. The difference between the major and minor val-
This, however, cannot completely explain the observed inues is called the oblateness, such &t~ 0 corresponds to
crease in the mass width. Again, let us remind that jets fronan event configuration symmetrical around the thrust axis.
the decay of a single top are better collimated & Figures 11a)—11(c) show the values of the thrust, major and
=800 GeV; thus a larger degree of overlaps between energyblateness for theyTHIA 6.2 model, after the energy smear-

V. SNAGGING THE TOP QUARKS USING A NEURAL
NETWORK
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a significant impact on the selection of the all-hadronic top

(7]
€10 [ top events
H Dtop (a decays.

10’k —continuum

A. Standardizing inputs

The contribution of an input for a NN depends heavily on
its variability relative to other inputs. Therefore, it is essen-
tial to rescale the inputs, so their variability reflects their
0.5 0.6 0.7 0.8 0.9 1 (1] 0.2 0.4 0.6 0.8 1 . . . .
Thrust Major importance. We will rescale some inputs to the interval
[0,1], which is the most popular choice for the NN inputs.

In the case of the event shape distributions, we do not use
any rescaling, since all these variable are already in the in-
terval[ 0,1]. For the mass distributiokl ,, we used the func-
tion A1 (InM,—Ay), with A;=3.4758 andA,=5.0106. This
choice was advocated [26], and here we only adjusted the
free parameteré\; and A,, such that this new variable is
zero for m=150 GeV, and it equals unity whem
=200 GeV.

The situation withy§" values is more complicated, since
their values strongly depend dw As an exampleys"" for
FIG. 11. The values of the thrust, major, oblateness and thavhich 2 jets become a three-jet system has a significantly

06 08 1 50 100 150 200
Oblateness M, (GeV)

invariant masses of event hemispheres for fully inclusiVes™ larger value thary§",. For the all-hadronic top decay, the
PYTHIA events generated without the— 6 jets process and for the relative importance of/§" values for event configurations
all-hadronic top decayéhaded area with largeN is higher than for lowN. Therefore, in order to
treat all inputs on an equal footing, we transformedygll'
ing to imitate the LC detector response. The shaded banéglues according to the expressioh=i%y{lii=1,... 6,

_ . . . . t .
represents the*e~ —tt— 6 jets events, scaled according to Which increases the relative weightsydf'" values in the NN

the predicted cross section. It is clear that the values of th1PUt for events with many jets.

thrust and the major have the best sensitivity to the top-quark

production, while the oblateness reflects the properties of the

top decays in less extent. We have trained the NN to learn just one number in the
It is mandatory to use additional information on the in- range between 0 and 1. When the NN output is unity, this

variant mass of the decaying system, together with the varieorresponds to the most probable top candidate in the all-

ables discussed above which mainly focus on the topologicdiadronic decays.

properties of the event shapes. Since the top mass is approxi- A few data sets were used. The first event sample is for

mately known, and because the production of two top quarkge NN training. It consists of 40&" e~ PYTHIA events with

at \/52 500 GeV is above the top_production energy thresh_the ISR inCIUded. One half Of th|S Sample Contains fu”y in'

old, ane*e” —tt event can be viewed as a simple two-bodyclusive events but without the*e”—tt—6 jets process,
decay with nonoverlapping decay products. The top eventehile another half contains the aII-hadroni_c decayst tof _
can be divided in two event hemispheres, each of which hathe top masses were generated according to the Breit-
an invariant mass close to the top mass. The hemispheres c¥figner distribution with the nominalpeakl positions flatly

be defined by using the thrust axis, such that particles witilistributed in the interval 156200 GeV. The momenta of

positivez Component be|ong the first hemisphere’ while par_the final-state particles Were smeared as discussed in Sect.
ticles with Z<0 form the second hemisphere. Figurgdil Ill. The second set contains also 40k events; half of them are

shows the invariant-mass distributiokl,=0.5(M,+M,), the fully hadronic top decays. This set was used to assess the
whereM, (M) is the invariant mass of the hadronic Systemperformance(generahzatloh of the learning, in order to

in the first(second hemisphere. For the" e —1tt—6 jets avoid overfitting.
events, the invariant mass has a broad peak near the gener-
ated (true) top-mass value, while" e~ events without the
all-hadronic top decays typically have rather low invariant The neural network selection was based on the Stuttgart
masses. neural network simulatof27] with the logistic activation
Furthermore, since the all-hadronic top decay is characfunction 1/(1+exp(—x)). A feed-forward architecture with
terized by a six-jet configuration, one can use this informaone output node representing the probability of the observa-
tion for the top selection. Particularlyy,' values of the reso-  tion of the fully hadronic top decays was used. For an input,
lution parameter of the Durham algorithm for whichldfjet ~ we use nine nodes representing-TI, Mj, the rescaling
configuration becomes aiN(+ 1)-jet system can also be use- value of the invariant mas$/,, and six values o¥; repre-
ful. We have already illustrated that the cutyi' alone has  senting the Durham-algorithm resolution parameters. We in-

B. Training sets

C. Neural network architecture and the results
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TABLE Il. The statistical uncertainties on the top-mass mea-
= NN probability surement assuming an integrated luminosity of 300 ffor ete™
annihilation events af’s=500 GeV. The table also shows the typi-
cal reconstructed widths for the caseswéthout using the NN(see
Fig. 7) and(b) with the NN selectior(see Fig. 13

10°

10° = Gaussian
2 PYTHIA, omy BRW width width
a Js=500 GeV (GeV) (GeV) (GeV)

10 = Generated 0.030 9:50.4
E (a) Reconstructed 0.105 9(Bixed) 5.0+0.2

(b) ReconstructedNN) 0.087 9.5(fixed) 5.2+0.1

1|I|||I|||I|||I|||
0 0.2 0.4 0.6

1.2

FIG. 12. The output of the neural network for the fully inclusive VI. ACCURACY OF THE TOP-QUARK MEASUREMENTS

PYTHIA events after the Gaussian smearing of particle momenta to . ) . . )
imitate the LC detector response. The Monte Carlo luminosity used in this analysis corre-

sponds to 16 fb! for \s=500 GeV and 33 fb' for \/s
vestigated the effect of varying the number of hidden layers=800 GeV. Our results indicate that the statistical error on
and nodes in these layers. It was found that one hidden layehe top-mass measurement for this luminosity is about 380—
with seven nodes was sufficient to achieve the best selectiafs0 MeV. Thus, for an integrated luminosity of 300 fl
performance. _ corresponding to one to two years of running, the proposed
The neural net was applied to select the top events frofyethod for the all-hadronic decay channel will lead to a sta-

the sample discussed in Sec. Ill. The NN output, shown Nistical error of Sm,~100 MeV atys=500 GeV. The statis-
Fig. 12, has clear peaks near zero and unity. Events wer,

e .
accepted if the NN output values are above 0.97. fical uncertainty on the mass measurement fgs

Figure 13 illustrates the reconstructed top events after the:.BOQ GeV is by a factor .tWO larger due to a significant
issing energy from neutrinos. Tables Il and Il show the

NN event selection. The top reconstruction was the same 48
for Fig. 6. The signal-over-background ratio is larger than'nal results. o
that without the NN selection, as well as the statistical error 1he direct measurement of the top-quark width in this
on the top mass is smaller than for Fig. 7 and 8. However, gecay mode is difficult. The reconstructed width is by more
small shift in the reconstructed mass was observed whickhan a factor ten larger than the generafede) top width.
should properly be taken into account after a correction proTherefore, other methods should be investigated to be able to

cedure. In addition, the shape of the background is less urineasure the top width from the hadronic-final-state signa-

derstood than in the case without the NN selection. tures ofe*e™ collisions.
One can also roughly estimate the statistical accuracy on
| BRW @ Gauss | Peak=176.11 0.38 GeV the measurements of the total cross section for the all-
BRW width=9.5 GeV hadronic top-decay channel. This study indicated that the
> 400r I G e o2 o oo number of the top candidates is around 2k for 16%bThis
S’, 3503_ \s=500 GeV IT Backgrou',,d number of the top candidates was obtained from 4224
E C L7 Signal —6 jets events, thus the acceptance-i84%. For an inte-
& 300F grated luminosity of 300 fb!, about 80kit— 6 jets events
@ F are expected assuming;=0.6 pb. This leads to-260
250 +0.9 fb for the observed cross section, thus the relative ac-
u curacy is 0.35%. After the event reconstruction19200
2003_ +124 events are expected, leading to 64084 fb, and to a
C relative accuracy of 0.6%.
150~
C TABLE lll. The statistical uncertainties on the top-mass mea-
100~ surement fore" e~ annihilation events at/s=800 GeV assuming
a an integrated luminosity of 300 f. The table also shows the
50 typical reconstructed widths.
I PYTHIA, sm, BRW width Gaussian
P20° 140 160 180 200 22 Js=800 GeV (GeV) (GeV) width (GeV)
M (GeV)
Generator level 0.04 770.4
FIG. 13. The invariant-mass distribution for three-jet clustersReconstructed level 0.230 7(fixed) 9.5+0.4

after the NN selection. The event selection as for Fig. 6.
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VIl. SUMMARY The DESYe*e™ collider TESLA detector resolution for
&he top-mass measurement based on the energy-flow algo-

For the first time, the all-hadronic top decays were studied, | ” } -
using the full DESYe* e~ collider TESLA detector simula- ''thM iS 5-5.5 GeV for/s=500 GeV. This value is almost

tion, after taking into account a realistic contribution from independent of method used to reconstruct the top quarks.
multiiet QCD background. This was done using a newFor Js=800 GeV, the detector resolution is 9.5 GeV. Such
method of the reconstruction, which is expected to be lesgn increase is due to higher jet energies, larger overlaps be-
sensitive to experimental and theoretical uncertainties arisingjveen energy deposits used for the energy-flow objects, as
from the direct measurement of the dijets with the invariantwell as a larger calorimeter leakage. These two numbers can
masses close thé& mass. Note that the method is very gen-be used for comparisons with other detector designs and/or
eral and can be used for the reconstruction of any two pamther methods of the event reconstruction. Note that even
ticles decaying into six jets i®"e™ collisions. Also, the before the detector simulation, a significant width for the
proposed approach is significantly simpler than the topthree-jet mass spectrum due to fragmentation effects is ob-
reconstruction method adopted at the Fermilab Tevatrorserved; thus the reconstruction of the top width from had-
where a kinematic fit is used. The present method takes agonic jets is very unlikely.
Vantage of the fact that, iete” annihilation, the entire had- In this paper, we have estimated the typ|Ca| statistical un-
ronic event can be reconstructed. Therefore, essentially aflertainties on the top mass measurement, as well as the sta-
produced particles can be grouped into jets using an exclyjstical uncertainty anticipated for the top-quark production
sive jet algorithm, while energy-momentum conservationgsss section in the all-hadronic decay channel. The method
provides an additional ha_mdle for the top reconstruction. INgays 1o a statistical uncertainty 6fn,=100 MeV for the
%Cgﬁztﬁ ;:3 [ﬁcg?ftéﬁ;?ggte?rz;%pbqlﬂ:rs at Fhe. Ferm'lal?nodest value of the luminosity, 300 Tb. This uncertainty is

T y ge missing ener.gifompatible with the statistical precision for the most prom-
along the beam directions, and by the use of inclusive jer ; . :

Ising lepton-plus-jets decay channel at the LIHG, and is

algorithms which combine only a relatively small fraction of X . . .
the produced hadrons into jets. We did not use the dobble well below the theoretical systemanc uncertam_ty ant|C|pa_ted
tagging to obtain the top signal; we have verified that theforthe pole top mass. An essential aspect of this method is to

b-tagging reduces the QCD background, but does not have ypderstand limitations arising from experimental systematic
significant impact on the reconstructed width of the topuncertainties. However, this study has not been carried out

quark. yet.
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