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We present an analysis of dilepton events originating fe@rproduction inpp collisions at\/s =
1.8 TeV at the Fermilab Tevatron Collider. The sample corresponds to an integrated luminosity of
109 = 7 pb™!'. We observe nine candidate events, with an estimated backgrouhd of 0.5 events.
We determine the mass of the top quark toMg, = 161 = 17(stay = 10(sysh GeV/c?. In addition,
we measure ar production cross section (szig‘;i pb (whereM,, = 175 GeV/c? has been assumed

for the acceptance estimate). [S0031-9007(98)05579-3]

PACS numbers: 14.65.Ha, 13.85.Ni, 13.85.Qk
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We report here on a measurement of theproduc- [
tion cross section and top quark mass in the dilepton 3r Niew 22
channel with the Collider Detector at Fermilab (CDF). ® ce
The data sample corresponds to a total integrated =, | Ny
luminosity of 109 = 7 pb~!. This analysis consid- ’ * e

ers dilepton events originating predominantly from
tt— WbW b — ({tvb) (€ Tb),with€ = eoru. A
subset of these events corresponding to a data sample of
67 pb~! supported the discovery of the top quark [1,2].
Recently both the CDF and DO collaborations have
updated their measurements of the production cross
section [3,4] and top quark mass [5,6] using the “lepton
plus jets” channel:tt — W bW b — (€1 vb) (¢qq'b), Lo
with € = e or w, which has larger statistics. The "
consistency of the measurements presented here with 05[a,
those in the lepton plus jets channel is an important . R
confirmation that these two orthogonal sets of events R L I T T
originate from the same heavy top production process. 0 20 40 60 8 100 120 140
A description of the CDF detector can be found in E; (GeV)

Ref. [7]. The coordinate system and various quanti'FIG. 1. Azimuthal angle betweeli; and the nearest lepton

ties used throughout this paper are defined in [8]. They jet versus|f;| for events with two leptons and two jets.
momenta of the charged leptons are measured witlhe dashed line represents thg cut. The small dots are for

the central tracking chamber in a 1.4 T superconduct:z Monte Carlo for M,,, = 175 GeV/c* and corresponds to
ing solenoidal magnet. Electromagnetic and hadroni@n integrated luminosity of aboa# fb™!. The larger symbols
calorimeters surrounding the tracking chambers are usd§Present the data.
to identify and measure the energies of electrons and jets.
Muons are identified with drift chambers located outsidedetector simulation. (The top mass valuel@$ GeV/c?
the calorimeters. A three-level trigger selects high transis used to be consistent with CDF’'s most precise mass
verse momenturfPr) electrons and muons. measurements, that from the lepton plus jets channel [5].)
The event selection is very similar to the previousWe find nine candidate events in the signal region: seven
analysis described in Refs. [1,9]. We require two high-ex, oneu i, and oneseevent.
Pr (Pr > 20 GeV/c¢), oppositely charged leptong or The identification efficiencies for single leptons are
w) in the central pseudorapidity regidfny| < 1.0) with  measured fromz — ¢*¢~ events in the data and are
at least one of them well isolated from nearby tracksfound to be 91% for muons and 83% for electrons [11].
and calorimeter activity. We rejed — ¢* ¢~ X events The acceptance farr decays to pass all of the selection
by requiring the dilepton invariant masa{,. or M,,, criteria, including lepton identification, is the average of
to be outside the interval5-105 GeV/c?. If there is  the results from theierwic andpPyTHIA [12] Monte Carlo
a high transverse enerd¥r > 10 GeV) isolated photon programs followed by a detector simulation. We find
present, the event is removed if consistent with a radiativéor M,, = 175 GeV/c? that (0.74 + 0.08)% of all 7
Z decay. We also require that there be at least two jetdecays pass the above dilepton selection criteria. The
with measuredz;r > 10 GeV in the pseudorapidity range uncertainty is dominated by the differences between the
In] < 2.0, as expected from the presence of tvquarks  event generators and by the systematic uncertainties in the
in a tr event. The signature of the two neutrinos indetector simulation. The acceptance increases by 35% as
the decay is the missing energy transverse to the beaM,,, increases from 150 t200 GeV/c2. In (86 * 2)%
direction (£7); we require|Er| > 25 GeV. TheFr is of the dilepton events passing all selection criteria, both
corrected for nonuniformities in calorimeter response andeptons come directly from the decays of thébosons.
absolute energy scale, and for hifl-muons. To ensure The remainder consists mostly of events in which one of
that theFr is not due to mismeasurements of the energieshe W bosons decays to a lepton, which in turn decays
of the leptons or jets, we requilgy| > 50 GeV if the to an electron or muon. Of the dilepton events, we expect
azimuthal angle between the direction of the vector (58 = 2)% to beeu, 27 = 1)% up and (15 = 1)%
and the nearest lepton or jef)( Ao (Er, € or j), is less ee where the uncertainty is statistical only. Usingra
than 20 [9]. production cross section value of 5.5 pb, consistent with
The distribution ofA ¢ (£ € or j) versus|Er| is shown  recent theoretical calculations [13] that assuig, =
in Fig. 1 for dilepton events that pass the invariantl75 GeV/c?, we expect to observe 4.4 signal events.
mass and two-jet requirements. Superimposed is the As backgrounds we consider standard model processes,
expected distribution from theierwic [10] 7 Monte  other tharyz, which can result in dilepton final states. The
Carlo program forM,,, = 175 GeV/c? followed by a main sources are Drell-YaZ*/y — ee, up), Z — 77,

2781

—
W (S}
IS e m s

A¢ (E, lepton or jet) (radians )




VOLUME 80, NUMBER 13 PHYSICAL REVIEW LETTERS 30 MRrcH 1998

and WW production. If these events contain additional Events originating fromtz decays are characterized by
jets from QCD radiation plugr, either from real neu- the presence of jets originating framquarks. Four of the
trinos or from energy mismeasurement, they may satisfyine candidate events have one jet tagged lag@ark, as

our selection criteria. Background contributions fromevidenced by the presence of a secondary vertex in the
radiativeZ bosons and fronbb, WZ, ZZ, andWhb pro-  silicon vertex detector (SVX tag) [9]. Two of these four
duction are estimated to be small. Additional sourcegets are also tagged by a soft lepton from the semileptonic
are processes with a real lepton and a jet or a track faldecay of theb quark (SLT tag) [9]. No jets are found
ing a second lepton, and processes in which mismeasuréo be tagged by the SLT method alone. In a sample of
muon tracks can result in an overestimate of faen the  seven:7 events4.3 + 0.4 jets are expected to be tagged
event. This latter background is not relevant for electrondy at least one of the two tagging methods. If all nine
because the electron energy is measured in the calorimeandidates were from background processes, the number
ters. We estimate the background from Drell-Yanof expectedb-tagged jets would b@.7 = 0.2.

production, fake leptons, and mismeasured tracks from Using the nine observed dilepton everitst = 0.5 of

the data; the other backgrounds are calculated usinghich are estimated to be background, an overall accep-
Monte Carlo simulations. The background contribu-tance of(0.74 = 0.08)% (for M., = 175 GeV/c?), and
tions from the different sources are listed in Table I. Thean integrated luminosity of09 + 7 pb™!, we calculate
errors include both systematic and statistical uncertainthe ¢z production cross section to 1344 pb.

ties. Of the2.4 £ 0.5 total background events estimated, With ¢7 dilepton decays, reconstructing the top quark
0.8 = 0.2 are expected in thex channel, which does not mass from the measured final state is a kinematically
have a contribution from Drell-Yan production, the domi- under-constrained problem due to the presence of two
nant background source in teeand uu channels. neutrinos.

When relaxing the two-jet requirement in the data selec- To increase the purity of the sample for the mass
tion, we find eight dilepton events with zero jets and eleveranalyses, we requirél;y > 170 GeV. Hr is defined
with one jet, while we expec + 2 and7 * 2 events, as the sum of theP;'s of the two leptons Er for
respectively, from both background and Ther con-  electrons), theEr's of the two highestEr jets and the
tribution is small; using the measuredproduction cross |E7|. For the nine candidate events thg distribution
section in this channel (see below), we exge08 + 0.02  is shown in Fig. 2, together with the expectations from
dilepton events in the zero jet sample dntl = 0.5 events a Monte Carlo calculation foM,,, = 175 GeV/c? and
with one jet. Of the eleven events in the data with one jetbackground. The efficiency of th#; > 170 GeV cut
four are dimuons, three of which show the expected chaiis about 95% forM,, = 175 GeV/c?. After this cut,
acteristics of the mismeasured muon track backgrounceight of the nine dilepton candidate events survive and the
The expectation from this backgroundlid * 1.5 events. background is reduced o3 + 0.3 events.

Five of the remaining seven events ae. One of these We present two methods to determine the top quark
five events has a jet tagged ab guark (see below). The mass. The first method takes advantage of the correlation
expected number aoff events in the one jet sample with between the energy of the jets frotm quarks in top

the jet tagged as laquark is about 0.2. quark decays and the top quark mass. From Monte

We find two events in the data that satisfy all selectionCarlo simulation oft7 decays we find that the mean
criteria, except for the opposite sign requirement on thenergy of the two highest; jets increases linearly with
lepton charge. We expe@37 = 0.23 same sign dilepton  M,,, with a slope of 0.5. We obtain the most probably
plus two-jet events from fake lepton background andvalue of M,,, for our set of events by comparing the
0.24 = 0.11 from rz. Without any jet requirements these observed distribution of jet energies with Monte Carlo
estimates are2.6 = 1.9 and 0.29 = 0.13, respectively. distributions (templates) for different top quark masses.
There are no events in the data with two same sign leptons
and zero or one jets that satisfy all of the other selection

criteria. Z ol
]
=
TABLE |. Expected dilepton backgrounds 109 + 7 pb!. ERIE
Background type Expected No. of events g H H H n
Drell-Yan 0.61 = 0.30 0 s I L l
7 — 0.59 + 0.14 0 100 200 300 400 500 600 700
Fake leptons 0.37 = 0.23 HT (GeV)
+
Mismeasu‘r}?g/muon tracks 0032 " 8;1 FIG. 2. Comparison ofH; for the candidate events (his-
bh 0.05 + 0.03 togram) and the expectation fromy production (M, =
Other (radiativez, Wbb, WZ, 7Z7) 0.1 *+ 0.1 175 GeV/c?) plus background (lighter shaded area). The back-
Total ’ 24+ 05 ground distribution alone is represented by the darker shaded
area.
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We use the two higheskEr jets in the event. The jet
energies are corrected for nonuniformities in calorimeter
response and absolute energy scale. The templates fo
tt decays are obtained from large samples of Monte
Carlo events generated witherwiG, and reconstructed
with the same analysis programs as the data. Templates
are also obtained for the background processes discusse!
above. The top quark mass is estimated by performing a | |
maximum likelihood fit of the jet energy distribution from 0 100 200 300
the data to a combination of and background templates. Jet Energies (GeV)
The amount of background is constrained to the expected
value within its uncertainty. From the resulting likelihood ~© ,| (b)
values L,,, for each assumed top quark mass the g
negative logarithms-In(L,,) are fit with a third order
polynomial and the value of the mass corresponding to the <
minimum of the polynomial is obtained. The statistical <
uncertainties are determined by the values of the mass that o,
give an increase of 0.5 irIn(L,,) from the minimum.

We have tested the fitting method with many Monte
Carlo samples, withM,,, in the range between 100 and 2 24
240 GeV/c?, and with the same statistics as the data. M, (GeV'/c’)

Included in these samples is the expected number IG. 3. (a) Jet energy distribution of the two highést jets

background events. The mean of the distribution of theor the dilepton events (histogram). Superimposed is the same
estimated top quark mass for each sample agrees with thistribution for 17 Monte Carlo (M,,, = 160 GeV/c?) plus
generated mass withih GeV/c?. The average statistical background (lighter shade) and the background alone (darker
uncertainties derived from the likelihood fits are consisten ;“ﬁ?- daIQenlnpl'l:Jhse biﬁcsjé?rS\/uendsh%\?\/trlt)th:g? LIS) r;grr;sh;ed
with the spread of the distributions abaut GeV/c?, and function of M,,, (the minimum has been offset r‘fo be at zero).
are _not strongly dependent. on the top q_uar_k mass. (b) Distribution of M?,-.i, (histogram). Superimposed is the
Figure 3(a) shows the jet energy distribution of theexpectation from:7 Monte Carlo (M,,, = 160 GeV/c?) plus
two highest E; jets for the eight events in the data background (lighter shade) and the background alone (darker

overlaid with a template obtained from a combination ofshade).

tt Monte Carlo (M., = 160 GeV/c?) and background

in the ration of 6.7 to 1.3. The distribution of the

background alone is also shown. The inset shows thiag in two values of?,-in PEr event. The probability of

polynomial fit to the—In(L,,) values versus top quark picking up the correct combination is in the range of 55%

mass. With this method we measutd,,, = 159 =  to 75%, depending oM.,. The distribution ofM, in

23(stad = 11(systGeV/c>. for the eight candidate events is shown in Fig. 3(b) to-
The second method uses the invariant magg of  gether with the expectation faf,, = 160 GeV/c2. The

the charged leptod and theb quark. In the decay of mean value OfM(gh-mim (7.2 = 1.9) X 10° GeV/c?, is

top quarks(r — Wb), the energy of theéb quark in the ysed with the linear mapping functiotd?,) = Co +
rest frame of theW bosonE, is a constant(Mg,, = ¢ (M7,_...) [with Cy = (—=2.90 = 0.26) X 103, C, =

top
M%V + Mﬁ + 2MwE,). With the subsequent semilep- 1.57 + 0.03], to obtain the value o{M§b> corresponding
tonic decayW — €v, E;, can be obtained from the in- to standard modet7 production and decay. The map-
variant massM, of the charged leptorf and theb  ping function is determined fromr Monte Carlo events
quark, and their opening angle ahg. For a sam- generated wittHERwIG and a CDF detector simulation.
ple of st dilepton events,M,,, is related toMy, as It accounts for selection biases, incorrect lepton-jet com-
M2 = M2 + 2Mi) bere terms that include lep- binations, and jet energy mismeasurements. We obtain
op WL (eostu) 2\ My, = 163 = 20(stad = 9(sysh GeV/c?

ton andb quark masses have been neglecte@/;;) top - — 7Sy ) L

We combine the two mass results by taking into ac-

and (cosf,) are the mean values d¥f?, and co9y, . X L . .
in the sample. In the standard model tree-level Cal_colunt';he (t:r?”flat'ons'ﬂthe u;/lcertamltzelsff)i)?(tatl;lbafngle
: — 12 2 2 . value for the top quark mas#/,, = + 17(stah =

culation, (cosfey) = Miy/(Migp + 2Miy), resuling in- o 4 se//e2. The major contributions to the system-

MtzOp = <M§b> + \/Mi‘v + 4M5V<M§b> + <M§b>2. atic uncertainty are due to the uncertainty in the jet energy
In each dileptor¢s candidate, one of the two lepton- scale and in the shape of the background distributions.

jet combinations(¢* ji, €~ j»), (€* j,, €~ j;) corresponds In conclusion, in the dilepton channel we find nine can-

to the correctt* b, £~ b) assignment. We select the com- didate events consistent with originating fraimproduc-

bination with the smallest sum of invariant masses, resultion. The estimated background2gt *+ 0.5 events. We
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measure ther production cross section to kg2 44 pb

for M, = 175 GeV/c?. The measured top quark mass
IS Miop = 161 = 17(stah = 10(sysd GeV/c?, consistent
with the CDF measurement in the lepton plus jets channel
of 175.9 + 4.8(stah + 4.9(sysh GeV/c? [11]
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