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Abstract. Recent preliminary results on top quark properties from the CDF and D@ collaborations
at the Fermilab Tevatron are described. These analyses include: measurements of the ratio B(r —
Wb)/B(t — Wgq) and of B(t — tvg), search for anomalous kinematics, studies on the helicity of W
bosons originating from top quark decays, spin correlations between top quark pairs, and searches
for #7 resonance production in models beyond the standard model.

INTRODUCTION

The top quark has offered a new window to look into standard model physics and beyond
since its discovery at the Fermilab Tevatron proton-antiproton collider [1]. With a mass
of 178 £4GeV/c? and a width of 1.5GeV [2] the top quark is unique in the quark
sector. Its large mass, of the order of the Higgs vacuum expectation value, may indicate
its special role in electroweak symmetry breaking and hint to a connection with new
physics which could couple to the top quark easier than to other fermions; its large
width, larger than Agcp ~ 200MeV, means it decays before hadronization occurs and
thus the decay products conserve the angular properties of the parent top quark. The
study of top quark properties is yet an open field with many unknown quantities such
as its charge, spin or coupling strength, that can bring great insight into some of the
remaining questions in our field.

Top quarks are predominantly produced in pairs at the Tevatron with a cross section
of around 7 pb [3]. With an increased center-of-mass energy of 1.96 TeV for Run II, new
detectors and analyzed luminosities of 110 — 190pb~!, the Tevatron collaborations now
have surpassed the Run I collection of top quark candidates. This new sample has been
studied to understand the details of top quark decay properties, and look for signs of
new physics. The final state of ¢ pair production is determined by ¢+ — Wb, which is the
standard model dominant decay for top quarks, and referred to as dilepton, lepton plus
jets, and all hadronic, depending on whether both W bosons decay leptonically (to £v),
one decays leptonically and the other hadronically (to gg’) or both decay hadronically.

This letter is divided as follows: the CDF analysis on the branching ratio R = B(t —
Wb)/B(t — Wq) is described as a test of the unitarity of CKM matrix; in the next section,
anomalous couplings of top quarks are tested by measuring the ratio of the cross section
to dileptons over the cross section to lepton plus jets; another search for new physics is
performed in the analysis of top quark decays to Tvb which rate can be enhanced in some
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models of supersymmetry; the next section describes detailed studies of the kinematic
distributions of top events to detect any non-standard model features, like increased top
pr spectra; the following section deals with the measurement of the W helicity as derived
from the lepton pt spectra; and finally, a measurement of the spin correlation between
top quarks and a search for ¢7 resonances with Run I data are briefly reviewed.

MEASUREMENT OF B(t — Wb)/B(t — Wq)

The decay of top quarks is expected to be around 100% to a W boson and a b quark in the
framework of the standard model. To measure any deviation from the standard model,
the ratio R = B(t — Wb)/B(t — W¢q) can be formed, where ¢ may be any —1/3 charged
quark. In the standard model we can describe this ratio as a function of the CKM matrix
elements:
_ Vio|?
Vial? + Vis> + Vi

where the second equality is derived assuming the unitarity of the CKM matrix. The
current PDG estimate of |V;| > 0.999 at the 90% confidence level means that we should
expect R > 0.998. But this is only if unitarity holds. For example, a fourth generation of
heavy quarks could exist which would break unitarity driving R away from unity.

Both CDF and D@ have performed analyses to measure R, here we describe the CDF
analysis [4]. R can be determined by the relative rates of identified b quark jets in ¢
events. The two top quarks have each a probability R to decay to a b quark, by counting
the number of events with zero, one and two b-tagged jets (No, N1 and N, respectively)
we can obtain R€,, where &, is the efficiency to identify (“tag”) the b quark jet:

= |V,p|?
b‘z |l|

No = (1 —Rey)®, Ni < 2Rey(1—Re,), Ny (Rep)* =

2 1 1
Ni/Na+2  2No/Ni+1  \/No/N, +1

R can be extracted by measuring &, independently, from #7 simulation calibrated with
complimentary data samples. b jets are identified using the SECVTX algorithm, which
searches for displaced vertices in jets.

The data analyzed corresponds to 161pb~! and is divided into three 7 enriched
samples: dilepton, lepton plus three jets and lepton plus four jets, according to whether
the two W bosons decay to leptons only or quarks and leptons and the event has exactly
three or more than three reconstructed jets. The analysis proceeds as follows: in samples
selected for r7, the expected background and observed data events are divided as a
function of the number of b-tagged jets. The expected number of events from signal
tt (Ng, N1 and N;), are then used in a likelihood, together with the background and
observed data, to give the best estimate of R€;, and a lower limit on R.

Table 1 shows the expected number of background events and the observed data as a
function of the number of b-tagged jets when the 7 selection is applied.

The definition of &, needs to be corrected when we allow for top quarks to decay
to other non-b (“light”) quarks: t — Wgq, as we do in this analysis. To account for this

Rg,




TABLE 1. The number of observed events and expected back-
ground for the three data samples dilepton (LL), lepton plus three
jets (L3J) and lepton plus more than three jets (L4J) divided into
the number of observed b jets

Data Background
sample LL L3J L4J LL L3]J L4)

O-tag 5 358 79 2.0+£0.6 — —
1-tag 4 26 23 0.2+0.2 16.0£24 4.2+0.7
2-tag 3 3 5 0 0.8+£0.2 0.2+0.1
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FIGURE 1. The combined likelihood function as a function of RAe (left). On the right, the plane
Rirue VS. Rieasured 10 the Feldman-Cousins analysis, with 95% (red) and 68% (green) confidence bands
taking into account both statistical and systematic uncertainties.

we calculate the efficiency to tag a g-type jet as €;, which is generally small, and then
redefine the efficiency to tag a b jet as: RA€ + &, where Ae = g, — &;. From 17 Monte
Carlo samples, Ae = 0.436 £0.032, where the uncertainty is calculated using calibration
data and simulated samples.

A likelihood function is built as the product of the Poisson probabilities to observe
zero, one and two b-tagged jets for the expected number of events with the same

number of tags: & = [],—0 12 % (N,‘jbserved,N,preCted). This function is maximal for that
value of RAe that is most consistent with data. The maximum of the likelihood curve
is found to be at: RAe = O.49f8:8§, see Fig. 1. If we plug in the measured value of
A€ = 0.436 £0.032, we obtain a measurement of R consistent with the standard model
within errors: R = l.llfngé. To set a limit on R, a Feldman-Cousins [5] prescription is
applied to find at 95% C.L. that R > 0.62 (Fig. 1). This improves the CDF Run I limit [6]

of R > 0.56.

RATIO OF DILEPTON TO /+JETS CROSS SECTIONS

The cross section for 17 — ¢/-+jets and 7 — ¢+jets should be identical since both final
states arise from the standard model decay of top quarks which is almost 100% to Wb.
By measuring the ratio of dilepton to /+jets final state cross sections, we are testing that



in both analysis we are dealing with the same kind of top quark decays. Furthermore, the
ratio cancels systematic uncertainities correlated between the two analyses and makes
it independent of the theoretical cross section value, which depends on parton density
functions and the top quark mass, etc. The final result from CDEF, after building a
probability distribution for Rs = Gf” with the dilepton data of 126pb~! and /+jets

+jets

data of 108pb~!, yields: Ry = 1. 45+0 83 5 [3]. This is in agreement with the standard
model predlctlon of R = 1. A95% C L can be set between: 0.46 < R < 4.45. Any

deviation from unity would imply the presence of non-standard model decays of top
(t — Xb).

RATE OF TOP QUARK DECAYS TO tvg

Analyses involving 7 leptons at the Tevatron are challenging because they require very
good calorimetry and track isolation techniques. Usually, ¢7 analyses are based on the
leptonic decays of the W boson to an electron or a muon. However, ¢f events can be
identified by requiring that one of the W bosons decays to an electron or a muon, and the
other to a tau, which then decays hadronically. Although leptonic decays of taus account
for 35% of all tau decays, it is difficult to differentiate them from prompt leptons, so
present analyses at the Tevatron look for one or three prong hadronic decays of taus. We
expect the W boson to decay equally to all three families of leptons, but in ¢7 events,
given the high top mass, new physics in the form of t — H*b — t*vb, where H™ is
the charged Higgs, could appear and produce an anomalous rate of ¢7 events with taus
in the final state. For example, in the minimal supersymmetric extension of the standard
model (MSSM) with high tan 8 values, the decay t — Hb is expected to dominate over
the standard model one ¢ — Wb. CDF has looked for any such anomalies in 193pb~—! of
Run II data by measuring the ratio of the observed rate to the standard model rate [7]:

Bobserved (l N bTV)
BSM(t — btv)

}"T:

This analysis requires an isolated electron or muon with pt > 20GeV /c, an identified
tau lepton with py > 15GeV/c and two jets. Tau identification is of course crucial to
this analysis. The efficiency to identify taus is measured in W — 7v Monte Carlo and
then scaled by comparing it to an independent data sample dominated by W — tv.
Figure 2 displays the agreement between Monte Carlo and data for the tau identification
efficiency.

The principal background is W +jets where a jet is misidentified as a tau. Z — T7+jets
is also an important background because it contains real taus, but cuts on the total
transverse energy of the event Hr > 205GeV and a Z mass window cut, can effectively
reduce this background.

Finally, two events are observed and 2.3 expected in the electron-tau channel, and
zero observed and 1.00 expected in the muon-tau channel. This allows to set an upper
limit of r; < 5.0 at 95% C.L. which is consistent with the standard model prediction of
rr = 1. A better tau identification and a larger data sample will improve this constraint
on rr.
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FIGURE 2. The number of tracks in taus (left) and tau pt (right) distributions for W — 7v data and
W — tv Monte Carlo plus electron data background. The W — TV data is an independent sample used to
estimate the agreement between data and Monte Carlo in the tau identification efficiency

SEARCH FOR ANOMALOUS KINEMATICS

The Run I cross section measurement in the dilepton channel [8] showed in the CDF data
some peculiar candidate events, with large £t and lepton pr, that did not resemble the
expected kinematics from standard model top quark decays. CDF has performed a new
search with 193 pb~! of Run II data to look for such events with anomalous kinematics
in the top dilepton sample [9]. There are models of physics beyond the standard model
that can explain this apparent discrepancy, for example as decays of heavy squarks [10].
The analysis is based on the comparison of kinematic features observed in the data with
those expected from the standard model, to isolate that subsample of events that departs
the most from expectation and to assign a probability to quantify that departure.

The event selection is the same used for the dilepton ¢ cross section measure-
ment [11], benefiting from a high purity of the selected candidates, albeit its small ac-
ceptance. This leaves 13 candidate events with 10.2 + 1.4 expected.

A few specific kinematic variables have been selected to discriminate between new
physics signals and standard model processes. Using the Run I events as a guide, the
leading lepton pr and the missing energy Et are expected to be sensitive to new heavy
particles decaying in the detector. Also, the angular distribution of these possible new
decays would exhibit a more back-to-back signature, whereas top quark decays tend
to be more spherical. Therefore, the angle between the leading lepton and the £t in
the plane transverse to the beam ®;,, is used to detect the presence of many possible
different final state kinematics produced by new physics. Finally, a topological variable
based on the top dilepton kinematics is introduced to directly measure how compatible
the event is with a 7 dilepton event based on the predicted and measured values of the

B )
— predicted — measured — predicted
T = /eXp [— <ET —ET > /2GE7T:| dET

A new technique has been devised to loop over the candidate events creating subsam-
ples of events to which an event weight is assigned based on the probability for that
event to have the observed values of the four variables (leading lepton pt, £1, ®;, and
T), given the expected standard model distributions. This produces several subsets of



—*— Data (1 93 pb1) \ﬂmu Y double b-tagged data (193 pb’)
[ ] Total SM+* 16 — A single bagged data (193 pb’)

I ti (c=6.7 pb)

[] SM background

N
S

14
®  nobags data (193 pb*)

B tvePyTHIA

1

N

]
=]

leading lepton p ;, GeV

Events

o Lo e Ly P PRI AL R
20 40 60 80 100 120 140 160 180 200 20 0.005 0.01 0.015

P R A B
0.02 0.025 0.03 0.035 0.04
leading lepton p T

FIGURE 3. The leading lepton pt distribution (left) and vs. the T variable (right) with number of
identified b-jets per event.

events each with a low weight if its kinematics depart from the standard model or a high
weight if the kinematics are as expected. Next, a Kolmogorov-Smirnov test statistic is
used to quantify the difference for each variable, by fitting shape distributions of the
cumulative events in the subsample with the expected standard model events cumulative
distribution.

This technique has been validated using large W4-jets data samples to assess how
well we model events with dilepton characteristics. The data reproduces extremely well
the simulation in the four concerned variables. A pass of the algorithm gives back high
values of compatibility with the standard model, as expected.

Figure 3 shows the 7 dilepton events distribution of lepton pt and the plane (pr,T)
with further b-tagged jets information. There is an obvious excess of events with low pt
leptons and this translates into a small compatibility with the expectation. By applying
the technique outlined above, the entire data set is found to be the one less similar to the
standard model with a P-value of 1.6%. If systematic uncertainties are included, then the
P-value grows to 4.5%. A careful examination of these 13 candidate events shows that
most of them seem to be real top dilepton events, with high values of T and at least one
identified b jet.

To summarize, the relative excess of low lepton pt events in the dilepton sample can
be attributed to a statistical fluctuation, but overall no kinematic anomalies are observed
in the Run II data so far that confirm the Run I peculiarities.

W HELICITY

Neglecting the b quark mass, top quarks are produced at the Tevatron as left-handed
fermions, i.e. with the spin in opposite direction to the top quark direction of motion. By
conservation of angular momentum —the (massless) b quark is always left-handed— W
bosons can only be produced with longitudinal polarization (zero helicity: Wy) or with
left-handed polarization (helicity -1: W_). Top quark decays to right-handed W bosons
are forbidden in the standard model. Moreover, the rate at which the top quark decays to
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FIGURE 4. The lepton p distributions for the dilepton (left) and ¢+jets (right) data samples, overlaid
with the normalized signal and background PDFs. Inset is the —log.Z as a function of Fy.

a longitudinally polarized W boson can be calculated in terms of m; and myy:

[(t — Wyb) B 1
L(t — Wob) +T(t — Wrb) 1+ 2(my /my)?

F():

=0.7 (form; =175GeV/c?)

Thus, F— = 0.3 and F; = 0 in the standard model. There are several methods to measure
Fp and determine the helicity content of the W bosons: one can measure an angular dis-
tribution (the lepton is emitted in a different direction depending on the W polarization),
or the lepton pt spectrum (leptons from W, are emitted with more energy, in average,
than those from W_, and with less energy than those from W.,).

CDF has presented analyses with both approaches, a cos 0" template fit (0™ is the
angle between the lepton in the W rest frame and the W momentum in the top rest
frame) [12] and a lepton pt spectrum fit [13]. D@ has performed a similar analysis
in which a limit on F, is calculated (instead of measuring Fp) by fitting to cos 6*
distributions from non-zero F [14]. Here we describe briefly the lepton pt spectrum
fit from CDF.

Using the dilepton (161pb~!) and ¢+4jets (193pb~!) samples and the SECVTX b-
tagging algorithm for the latter, the analysis proceeds to build a likelihood function that
includes the PDFs of pr of leptons from background and signal samples for the different
helicities (0 and —1, assuming F; = 0).

Figure 4 presents the lepton pt spectrum for the dilepton and ¢+jets data. As was
seen in the previous section, the dilepton analysis has selected softer candidate events
than expected. This forces the longitudinal component to be negative to be able to fit
the data. The minimum of —log.Z appears at Fy = —0.54, which is an unphysical value
and inconsistent with Fy = 0.70 at the ~ 20 level. In the /+jets analysis, we obtain a

physical result of: Fy = O.88f8:}é . The dilepton result is consistent with the /+jets result

at the 20 level, so a combined result yields: Fy = 0.277:83? . This is inconsistent with the
standard model at the 10 level.



SPIN CORRELATIONS

Tevatron collisions produce unpolarized top and anti-top quarks. But the spins of these
pairs are correlated. To measure the spin polarization of the parent top quarks, experi-
mentally it is more effective to use the W boson decays to leptons and not to quarks. By
measuring the production angle of the two leptons one can measure the spin correlation
between the two parent top quarks. That is, the spin correlation of the top quarks can be
measured by the angular correlation of the decay products:

1 d’c _ 1+xcos6,-cosO_
o d(cos8,)d(cosO_) 4

where k/4 = (Ny1 — Ny|)/(Nyy + Nyy) is the correlation coefficient, and Ny is the
number of events with top quark spins aligned (cos 6. -cos 6_ > 0) and Ny | is the number
of events with top quark spins in opposite directions (cos 0. -cos 0_ < 0); 0 is the angle
between one of the charged leptons (4 or —) and the axis of quantization in the rest frame
of its parent top quark. The spin basis most effective to measure this asymmetry at the
Tevatron is the so called off-diagonal basis, which defines the axis of quantization as a
function of the velocity B* and the scattering angle 6* of the top quark with respect to
the incoming partons:
B*2sin@* cos 0*

1—B*2sin® 6*
where V is the angle between the spin basis axis and the pp beam axis.

Measuring this correlation coefficient is interesting for three reasons: it is a proof
that the top quark behaves like a free quark, unaffected by confinement effects; its
observation would yield an indirect lower bound on |V;3|, without the assumption of
unitarity, because the top quark lifetime depends on |V;;|; and finally, new physics with
different top quark dynamics could modify this correlation.

The D@ collaboration performed this measurement in Run I with 125pb~—! of dilepton
data (including electrons and muons) [15]. The dilepton channel has the advantage of
clean lepton identification, smaller background, and easier association of final objects
with the initial originating quarks. But the final sample is small and two neutrinos must
be reconstructed from the missing energy in the event. We therefore have six unknowns
(the momenta of the two neutrinos) and five constraints (m(¢,v;) = m(¢2v,) = my, and
m(£1v1b1) = m({2v2b7)). The problem can be solved if we assume m(¢;v;b;) = m; =
175GeV /c?. The system is then solved for the neutrino momentum vectors and each
of the possible four solutions is assigned a weight based on the difference between
the sum of pt of the two neutrinos in the solution and the measured £t in the event.
An event fit is then performed to the ¢f hypothesis by boosting the final objects to the
frame of the original top quarks. Out of the many solutions of the fit, a two-dimensional
binned likelihood analysis is performed on the plane (cos 6. ,cos6_). By comparing
Monte Carlo and data, the final result is extracted: k¥ > —0.25 at 68% C.L., which is

tan Yy =




in agreement with the standard model prediction x = 0.88 (?). For Run II we expect to
have an increased sensitivity and possibly obtain an observation of k at the 20 level by
including the /+jets channel and a larger data sample.

RESONANCE PRODUCTION

Another interesting aspect of top quark physics is its production mechanism. At the
Tevatron, the dominant production is through gluon exchange (qq — tf,gg — tf), but
electroweak production of top quarks, via the interchange of a W boson (gg — ¢'tb and
qq’ — tb) is also possible and actively looked for by both collaborations. Additionally,
some models of electroweak symmetry breaking, like top-color assisted technicolor,
predict new heavy Z' bosons that couple to the third generation of quarks and not
to leptons, giving Z’' — t7. Other possibility are narrow resonances (compared to the
detector resolution) of a heavy top quark condensate: X — ¢t7. The D@ collaboration
published an analysis over 130pb~! of Run I data in search for this non-standard model
production of top quark pairs [16].

The analysis uses the /+jets topology and selection as in the top quark mass calcu-
lation [17] with two orthogonal analyses, one with topological cuts and the other with
soft muon tagging (to tag b jets). Events are fitted to a three-constrain (3C) hypothesis
for #f production and decay, taking into account all possible permutations of jet assign-
ment and longitudinal momentum of the neutrino, the minimum )(2 solution is used to
reconstruct the invariant mass M;7. A total of 41 events pass the selection criteria, of
which four are u tagged. We expect 4.2 + 3.2 from the signal X — ¢#, 23.7 £ 11.6 from
standard model #7 production and 15.4 4 10.6 from W+jets and QCD background.

Since data and background expectation are compatible, a Bayesian upper limit is
calculated on the oxB(X — tf) at the 95% C.L. for My between 400 and 1000GeV /c?
ranging from 5.0pb to 2.0pb, respectively. Z’ bosons, as predicted in technicolor models
with I'y = 0.012Mx are excluded with masses My < 560 GeV/c2 at 95% C.L.

CONCLUSIONS

Both CDF and D@ are actively studying the top quark physics. We have presented
here the most recent results that are not concerned with the mass or cross section
measurements, but rather with the properties of the top quark decays and how top quarks
may be produced at the Tevatron from new physics. Some aspects not mentioned here,
like single top production which will provide direct access to |V;;|, or searches for flavor
changing neutral currents (f — gZ and t — gy with ¢ = u, c are expected to be extremely
rare) are also possible amongst many other interesting studies. The Tevatron offers an
excellent opportunity to further our understanding on the very special nature of top

2 The off-diagonal basis is constructed to maximize the spin asymmetry in 17 events at the small relativistic
energies of the Tevatron. In this basis, k¥ = 1 for gg — t7, but adding the process gg — ¢7 brings down the
standard model value to k = 0.88



quarks. From continuing our precision measurements on standard model parameters to
exciting new discoveries of new phenomena with at least 2fb~! by 2007, or some 1000
tf events per experiment.
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