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We present the first observation of the all hadronic decays gfairs. The analysis is performed
using109 pb~! of pp collisions at,/s = 1.8 TeV collected with the Collider Detector at Fermilab. We
observe an excess of events with five or more jets, including one obtjets, relative to background
expectations. Based on this excess we evaluate the production cross section to be in agreement with
previous results. We measure the top mass to8se+ 10 + 12 GeV/c2. [S0031-9007(97)03988-4]

PACS numbers: 14.65.Ha, 13.30.Eg, 13.85.Ni

At the Fermilab Tevatron, top quarks are pair producedner being the dominant process. In the framework of the
in pp collisions viagg annihilation andz ¢ fusion, the for-  standard model, each top quark decays almost exclusively
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into aW boson and & quark. The Collider Detector at more jets and consists of approximately 230000 events,
Fermilab (CDF) and DO collaborations have already rewith an expected signal to background rafitB = 1,/500
ported the observation of the top quark in events where ong0]. Jet energies are then corrected by a pseudorapidity
or both of theW bosons decays leptonically [1-3]. In this and energy-dependent factor that accounts for calorimeter
analysis we search for events in which béithbosons de- nonlinearity, reduced response at detector boundaries,
cay into quark-antiquark pairs, leading to an all hadronicenergy radiated out of the jet reconstruction cone, and
final state. The study of this channel, with a branching rafor the energy inside the cone that comes from partons
tio of about;—‘, complements the leptonic modes, and thenot associated with the hard scatter [9,11]. Since
mass measurement takes advantage of a fully reconstructedents are characterized by high jet multiplicity and
final state. Since the expected decay signature involvesave a hardeEr distribution than the QCD background,
only hadronic jets, a very large background from standarédditional requirements can be imposed to increg&e.
guantum chromodynamics (QCD) multijet production isWe select events with=5 jets, and require the total
present and dominates overproduction. To reduce this transverse energy, evaluated as the sum of the corrected
background, we search férquark decays with a displaced jet E7’s, to bed. Er = 300 GeV, yielding 21 890 events.
secondary vertex. Events containing higl?r electrons or muons, defined as
Thet7 signal is obtained using two separate approachesn [2], are removed. The resulting data sample is still
In the first, events with at least one identifiédjet are  dominated by multijet production from QCD processes
required to pass strict kinematic criteria that fawar (S/B = 1/110). To reject events with only light quark
production and decay. In the second, on events witland gluon jets, we require at least one jet to be identified
two identified b jets, we impose a minimum energy as ab candidate whose decay point is displaced from the
requirement. In both cases, we observe an excess @fimary vertex [2]. A tag is defined as positive (negative)
events with respect to the background prediction, fronif the projection of the secondary vertex displacement
which we measure the production cross section. Wepoints along (opposite) the jet direction in the plane
observe a structure in the 3-jet mass distribution for fullytransverse to the beam line [1]. Because of tracking
reconstructed 6-jet events, including at least one identifiedesolution effects, light quark or gluon jets can also be
b jet, which provides additional support showing that themisidentified ash candidates (fake tags) and are equally
excess is coming fron¥ production. We use these events likely to have positive or negative tags. We identily
to measure the mass of the top quark. guark jets by requiring a positive tag, and this results in
The data sample used in this analysis was collected with596 events with an expect&gdB =~ 1/20.
the CDF detector from 1992 to 1995, corresponding to In the first approach (technique I) we require that
a total integrated luminosity of £Ldt = 109 + 7pb~!. > Er, divided by the invariant mass of the multijet
The CDF detector is described in detail elsewhere [4]systemV/3, be greater than 0.75. In addition, we demand
The vertex detector, a four-layer silicon strip device,that A, the aplanarity [12] of the events calculated
located immediately outside the beam pipe, providegrom the jet momenta, bel > —0.0025 > Er + 0.54
precise track reconstruction in the plane transverse téwith > Er in GeV), where the sum does not include
the beams and is used to identify secondary verticethe contribution from the two highesk; jets. The
from b and ¢ quark decays. The vertex detector [5] values chosen for both cuts are those that maximize
operating during the first period of data taking (1992-the expected signal significance feor events, while
1993 [ Ldt = 19 = 1 pb™') was replaced in 1994 by a maintaining a high efficiency. The background to the
new detector equipped with radiation hard electronics [6]¢7 signature, from QCD production of heavy quark pairs
collecting data through 1995/(Ldt =90 = 7 pb™!).  (bb andcc) and fake tags, is estimated from the multijet
The momenta of charged particles are measured in theample by applying a parametrization of the positive tag
central tracking chamber (CTC), which is inside a 1.4 Tprobability event by event. This calculation assumes
superconducting solenoidal magnet. Outside the CTChat the sample contains ng events and needs an
electromagnetic and hadronic calorimeters, segmented iterative correction to account for them [1]. The tag
n — ¢ towers, cover the pseudorapidity regiefl < 4.2  probability is parametrized as a function &7, 7,
[7], and are used to identify jets and electron candidatesand track multiplicity of each jet, along with the event
Outside the calorimeters, drift chambers in the regioraplanarity. This parametrization is found to describe
] < 1.0 provide muon identification. within 3% the number of observed tags in multijet
The trigger, developed specifically for this analysis,data at different jet multiplicities, without the kinematic
relies on calorimeter energy measurement and requirggquirements mentioned above. Good agreement between
four or more clusters of contiguous towers [8], with data and predictedl tags is also found in an independent
transverse energy per clustét; = Esing = 15 GeV  sample from a higl» E; trigger [13].
and a total transverse energy E; = 125 GeV. Jets The sample selected with all the kinematic require-
are reconstructed [9] using a cone with a radius of 0.4nents of technique | consists of 187 events containing a
in 7 — ¢ space, requiringer > 15 GeV and|n| < 2.0.  total of 2225 tags. The number of taggédjets expected
The data sample is defined by the requirement of four ofrom the background i9464.8 = 1.2 = 10.7. The first
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uncertainty derives from the parametrization. The sec- To determine the expected number of double tags due
ond one is systematic and comes from several source® QCD production of heavy flavors we use PYTHIA
the dependence of the tag probability on the kinematidMonte Carlo [16] samples of QCD multijet production.
requirements (5.0%) and jet multiplicity (3.0%), its cor- First, we scale the jet multiplicity distribution of QCD
relation with the instantaneous luminosity and run con-Monte Carlo events so that it describes the data with at
ditions (2.3%), the correlations among tags in the saméeast oneb tagged jet after subtracting the observed num-
event (1.3%), andv andZ production (1.0%), for a total ber of fake tags. Using this jet multiplicity distribution,
uncertainty of 6.5%. Table | summarizes the number othe QCD heavy flavor background in all multiplicities for
tagged jets and events observed and the estimated baaksents with=2 b tags can be estimated as long as the ab-
ground for each jet multiplicity. solute QCD cross section is known. To obtain this cross
The significance of the excess of observed tags is esection we use events with four jets ar@ b tags, which
timated from the probability that the background fluctu-are dominated by QCD heavy flavor production and fake
ates up to the number d tags found or more. For double tags. We normalize the absolute prediction of the
events with=5 jets, we calculate this probability to be QCD Monte Carlo to the total number of such events af-
P = 1.5 X 1073, corresponding to three standard devia-ter accounting for fake double tags and the presence of a
tions for a Gaussian distribution. From the number ofsmall number of7 events in the 4-jet event sample.
tagged events and the background estimate corrected for We observe 157 events with5 jets containing=2 b
thets content, we extract the number@fcandidates to be tags with a predicted background ©22.7 = 13.4 from
10.4 = 6.0 and34.7 = 16.1 for the first and second period QCD heavy flavor and fake double tags. To combine the
of data taking, respectively. The efficiency of the trigger,excess in different jet multiplicity bins, we employ a simul-
kinematic selections, arfdtagging are evaluated using the taneous likelihood fit of the events to a sum of fake double
HERWIG Monte Carlo program [14] and a full simulation of tags, QCD heavy flavors, and production. The number
the CDF detector. TheLeo Monte Carlo program [15] is of events from QCD heavy flavors is constrained to the
used to model the decays bthadrons. The combined ef- expectation from the normalization procedure described
ficiency of the trigger and kinematic selection amounts tcabove and allowed to vary within its total uncertainty,
9.9 = 1.6% for a top mass ofn, = 175 GeV/c?, where  which includes an 18% systematic contribution. The
the uncertainty is mainly systematic and due to jet energypwumber of fake double tags is constrained to the number
scale (9%), different fragmentation (9%), and gluon radia-observed in the data and allowed to vary within statistics.
tion modeling (11%). The tagging efficiency has been The likelihood function takes into account the correlations
calculated for the two periods of data taking separately anetween the different systematic effects. The number of
amounts to38 = 11% and46 * 5%, respectively. The 7 candidate events returned by the fit59 + 3.9 and
measured cross section, obtained fgr= 175 GeV/c2, 31.6 = 16.4 for the first and second period of data taking,
is o7 = 9.6 = 2.9(stad’37(sysh pb. respectively. The corresponding numbers of background
In the second approach (technique Il) we require theevents are21.1 = 4.5 and 98.4 = 17.3 (see Table II).
presence of additiond@l tags. A study of possible physics The efficiency for passing the trigger and kinematic re-
processes that result ie2 b tags in the final state quirementis26.3 = 4.5% for a top mass of75 GeV/c?,
indicates that the dominant sources are QCD heavy flavarhere the sources of systematic uncertainty are the jet en-
pair production and fake double tags. Fake double tagergy scale (8%), different fragmentation (13%), and gluon
have at least one negative tag from a light quark oradiation modeling (8%). The efficiency for tagging
a gluon. The number of fake double tags observed ir=2 heavy flavor jets is calculated to b=+ 6% and
the data is compared with the expected number from a2 * 2% for the two data taking periods.
calculation using the probability of having a negative tag, Using the results of the fit, the measured cross section is
which is parametrized in terms of the; of the jet, its  11.5 + 5.0(stad’ 25 (sysd pb. The significance of the ex-
track multiplicity, and the total transverse energy of thecess is estimated using the probability that the background
event. The two numbers agree within 5%. fluctuates up to the number of observed tagged events or
more. This probability is found to b® = 2.5 X 1072,

TABLE I.  Technique I: number of events with at least dne

tag and number of tagged jets in those events. The backgroungyp £ || Technique Il; number of events with at least
is estimated using the positive tag parametrization. In events -, taés The numbe’r of events from QCD heavy flavor
with f%urﬁﬁ vieoogserve 12 tagged jets over a predicted baCK(h.f.) production and fake double tags is returned by the likeli-
ground of11.7 = ©.o. hood fit. In events with four jets, we observe 95 tagged events

Number of jets 5 6 =7 over a predicted background 0.9 * 9.1.

Tagged events 70 82 35 Number of jets 5 6 =7
BaCkgrOUnd 583 £ 3.8 62.8 £ 4.1 303 £ 2.0 Tagged events 102 42 13
Tagged jets 80 99 43 QCD h.f. 60.3 = 10.1 21.3 =56 46 + 22
Background 62.8 * 4.1 68.6 = 4.5 334 £ 22 Fakes 225 * 7.0 77 +22 3.1 3.1
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corresponding to two standard deviations for a Gaussiar~, f
distribution. 4 [ e Dato

To combine the cross sections from the two approaches § | &3 Top
we take into account the correlations between the effi- 1 *° | Background
ciencies for the two methods and the large overlap be-(s5
tween the two data samples (34 events in common). The %
combined cross section is evaluated using a multivariate @ 5
Gaussian function which takes into account these cor-* | E o
relations (correlation coefficiend = 0.34 + 0.13). For 25 | 160 180 = 200
m, = 175(GeV/c2, the combinnetd Cross sectior)1 is mea- [ Top Mass (GeV/c?)
sured to beo; = 10.1 + 1.9(stap™ 1 (sysh pb. This 20 |
value has to be compared with the latest theoretical pre- i
dictions which are in the range of 4.75-5.50 pb fgr=
175 GeV/c? [17]. The measured cross section changes
by —12% (+20%) if the top mass is assumed to be
10 GeV/c? higher (lower). This measurement will be 5[ =
combined with those obtained from leptonic channels in E
a forthcoming paper. . . 0 500 125 150 175 200 225 250 275 300

To _det(_armme.the top quark mass, full klne_matlc recon- Reconstructed Mass (GeV/c?)
struction is applied to the sample of events with 6 or more
jets, one or more tags, and the kinematic requirementsIG. 1. Technique I: reconstructed mass distribution for
of technique I. Events are reconstructed to the— events with at least one ta@®j]. Also shown are the back-

+ = . . ground distribution (shaded) and the contribution fram
W™ bW~ b hypothesis, where boti bosons decay into a .Monte Carlo events withm, = 175 GeV/c? (hollow). The

quark pair, with each quark associated with one of the sixyset shows the difference in In(likelihood) and the fit used
highestEr jets. This corresponds to 16 four-momentumto determine the top mass.
conservation equations with 13 unknown variables, the
three-momenta of the two top quarks and the tWo
bosons, and the unknown top quark mass. Since all eventsIn conclusion, with the aid of a dedicated multijet
contain at least oné tag, we require the tagged jet to be trigger, an optimized kinematic selection, andbajet
assigned to @ or b quark. A kinematic fit is applied, identification technique, we isolate for the first time a
and the combination with lowegt? is chosen. In order signal in the all hadronic final state of decay. Thert
to avoid threshold effects in the mass distributions, theproduction cross section is measured to lifel 33 pb
> Er cutis lowered from 300 to 200 GeV, while keeping assumingm, = 175 GeV/c?. The top quark mass is
the other requirements unchanged. The 3-jet mass digreasured to ba86 + 10 * 12 GeV/c?. These results
tribution for the 136 tagged events is displayed in Fig. 1agree well with previous measurements from leptonic
along with the expected background amctontributions. ~ channels.
The background is calculated by normalizing the spectrum We thank the Fermilab staff and the technical staffs of
of the untagged sample of 1121 eventd@® = 9 events, the participating institutions for their vital contributions.
estimated from the tag probability. A maximum likeli- This work was supported by the U.S. Department of
hood method is applied to extract the top quark mass. Thenergy and the National Science Foundation, the Natural
experimental data are comparedHBRWIG Monte Carlo  Sciences and Engineering Research Council of Canada,
samples of7 events, in a top quark mass range from 160the Istituto Nazionale di Fisica Nucleare of Italy, the
to 210 GeV/c2, and a background sample from the un-Ministry of Education, Science and Culture of Japan, the
tagged events. The same method was applied to Refs. [National Council of the Republic of China, the A. P. Sloan
and [2]. The difference in- In(likelihood) with respect Foundation, and the Alexander von Humboldt-Stiftung.
to the minimum is shown in the inset to Fig. 1. The mini-
mum is at186 GeV/c?, with a =10 GeV/c? statistical
uncertainty. Systematic uncertainties in this fit arise from o
gluon radiation and fragmentation effedts4.6%), the *Visitor.
jet energy scalé+2.9%), the fitting proceduré+2.8%), [1] F. Abeetal., Phys. Rev. D60, 2966 (1994).
and background estimationt(.9%: this includes the ef-  [2] F- Abeetal., Phys. Rev. Lett74, 2626 (1995).
fect of leaving the background normalization floating) [3] S. Abachiet al, Phys. Rev. Lett74, 2632 (1995).

.. S . " [4] F. Abe et al., Nucl. Instrum. Methods Phys. Res., Sect. A
Combining all these uncertainties in quadrature gives a 271 387 (1988).
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