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1. Introduction

Run 2 of the Fermilab Tevatron started proton-antiproton collisions at the
center-of-mass energy /s = 1.96 TeV in 2001 after extensive upgrades of the ac-
celerator complex and CDF and D@ detectors. The accelerator performance has
been improving since the beginning of the Run 2. As of October 2007, the Teva-
tron has achieved record peak luminosity of 2.9x1032 cm=2s™!, and is expected to
supersede that next year. Approximately 50 pb~! of integrated luminosity of data,
half the size of the Tevatron Runl dataset, is being accumulated weekly, and at
the moment of writing, 2.7 fb~! of integrated luminosity has been written on tape
by each experiment. The current performance projections aim for 68 fb~! by the
end of Run 2.

Results presented here use the data corresponding to the integrated luminosities
ranging from 0.2 fb~! to 1.7 fb~!, collected by CDF and D@ in 2002 —2006. Both
detectors are similar in their capabilities of detecting W/Z bosons and top quarks.
Each detector utilizes inner silicon precision tracking system with large-volume
cylindrical tracker chambers immersed in a solenoidal magnetic field. The magnets
are surrounded by the electromagnetic and hadronic calorimeters and further out
by muon chambers. All of the components of the detectors are critical for the
electroweak and top physics analyzes. A detailed description of upgraded detectors
is given in Ref. [1].
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2. FElectroweak physics at the Tevatron

W and Z bosons are produced at the Tevatron through ¢g annihilation. The
samples of leptonic decays of W and Z into electrons and muons have a clean ex-
perimental signature with a low background and comprise the most incisive event
samples for Standard Model (SM) precision tests, such as measurements of W mass
and width, and for probing the quantum-chromodynamic (QCD) aspects of the pro-
duction mechanism that provides stringent constraints on the parton distribution
functions (PDFs).

Inclusive W and Z production cross sections have been measured in all three
lepton (e, 1, 7) channels [2] and have been found to be in agreement with the NNLO
calculations [3]. The precision of the measurements is dominated by systematic un-
certainties, primarily due to the uncertainty in the Tevatron luminosity of ~ 6% [4],
and other systematic uncertainties due to PDF's, lepton identification efficiency and
backgrounds of ~ 2%.

2.1. W mass and width measurements

The W boson mass (My) is a fundamental parameter of the SM, which receives
self-energy corrections Ar due to vacuum fluctuations involving virtual particles.
In the SM, the contributions to Ar are dominated by the top quark and the Higgs
boson loops, such that a precise measurement of My in conjunction with the top
quark mass constrains the mass my of the Higgs boson.

The W mass is measured in the ev and pv channels using a sample of 200 pb~!
of the CDF data by performing a maximum-likelihood fit to the transverse lepton
momentum (péT) distribution, the transverse neutrino momentum (p4.) distribution,
obtained from imposing pr balance in the event, and the transverse mass, defined
as mp = \/QpeTp%(l — cos[gt — ¢¥]).

The key ingredient of the measurement is the calibration of the lepton energy.
The momentum scale is set by J/¥ and T(1.5) dimuon mass peaks, giving consistent
results with the Z boson mass fit. The energy measurement in the electromagnetic
(EM) calorimeter is calibrated from the fit to the peak of the E/p electron distribu-
tion in the W — ev sample. The radiative energy loss is tuned using the radiative
tail of the E/p distribution. Hadronic recoil response and resolution parameteriza-
tions are obtained from the ppr-imbalance in Z — £/ events as a function of boson
pr.-

The combined result of the six W boson mass fits, including correlations, is
My = (80413 £ 34 (stat) £34 (syst)) MeV/c? [5], which is the most precise single
measurement to date. Inclusion of this result increases the world average W boson
mass to My = (80398 + 25) MeV/c? [6], reducing the total uncertainty by 15%.
The uncertainties of the measurement are shown in Table 1, where most of the
systematic uncertainties are limited by the statistics of the control samples used.
By the end of Run 2, the W boson mass is expected to be measured with a precision
of 2025 MeV/c?, better than the current world average.
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TABLE 1. The uncertainties on the CDF My, and T'yy measurements. The last
column for each measurement shows the correlated uncertainties.

AMy (MeV/c?) ATy, (MeV/c?)

Uncertainty Electrons Muons Common | Electrons Muons Common
Lepton Energy Scale 30 17 17 21 17 12
Lepton En. Resolution 9 3 0 31 26 0
Simulation - - - 13 0 0
Recoil 12 12 12 54 49 0
Lepton ID 3 1 0 10 7 0
Lepton Removal 8 5 5 - - -
Backgrounds 8 9 0 32 33 0
pr (W) Model 3 3 3 7 7 7
PDF's 11 11 11 16 17 16
QED radiation 11 12 11 8 1 1
My - - - 9 9 9
Total Systematic 39 27 26 78 70 23
Statistical 48 54 0 60 67 0
Total 62 60 26 98 97 23

Direct measurements of the W boson width have been obtained by CDF (using
350 pb~!) and DO (using 180 pb~! of data) from the fit to the transverse mass
(mr) spectrum of W — (v decays in the high myp region, where the I'yy Breit-
Wigner lineshape dominates over the detector resolution Gaussian lineshape. The
modeling of the mr spectrum is done using the Monte Carlo (MC) simulation. The
MC myp templates are normalized to the data in the region of 50 < my < 100
GeV/c?, and the fit is performed in 100 < mp < 200 GeV/c? to extract Ty (see
Fig. 1).
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The most precise measurement comes from CDF, which upon combining elec-
tron and muon channels gives I'yy = (2032 + 71) MeV/c?, in good agreement with
the SM prediction of (2093 + 3) MeV/c? [7]. This is the world’s most precise single
measurement to date that reduces the world average uncertainty by 22%. System-
atic uncertainties are of similar sources to My, measurement and are summarized
in Table 1.

2.2. W and Z boson production and asymmetries

Precise measurements of the rapidity distributions of W and Z can provide
the constraints on the PDFs. In the W case, the constraints can be obtained by
measuring the W charge asymmetry.

W Charge asymmetry. W (W ™) bosons at the Tevatron are produced by
annihilation of the valence ud(du) quarks. Since u(u) quarks carry on the average
a higher fraction of the p(p) momentum than the d(d) quarks, a W+ (W ™) tends
to be boosted in the direction of the p(p) beam. This results in a W charge asym-
metry A(yw ), where yy is the rapidity of the W boson. The production cross
section distributions do(W*)/dyy are sensitive to the difference between the u
and d-quark PDFs and provide an important input to the global PDF fits. Since
the longitudinal component of the neutrino momentum (p¥) is not known, a mea-
surement of the lepton charge asymmetry A(n,) is traditionally made, where 7, is
the lepton pseudorapidity. Such a charge asymmetry in muons has been measured
by D@ using 300 pb~1 of data [8].

Stronger constraints on PDFs can be placed by extracting yy directly using a
new analysis method, which was recently presented by CDF. The new technique
constrains events to My, = 80.4 GeV /c?. That results in two solutions for p?, where
each solution receives the weight according to the W — fv angular decay structure
and o(W¥). The procedure is iterated to eliminate a dependence of the weighting
factor on the asymmetry itself. The method is applied to W — ev events using
1 fb=! of CDF data. The measured W charge asymmetry as a function of |y |
is shown in Fig. 1 compared to the CTEQ5L PDF prediction. The experimental
uncertainties are lower than the uncertainties from the PDFs. They will help to
constrain the PDFs in future fits and in particular reduce the PDF uncertainty on
future My, and I'yy measurements.

The measurement of the Z boson rapidity probes quarks with low proton and
anti-proton momentum fractions = and high four-momentum transfer squared Q2
(Q? ~ M2%). It is a stringent test of QCD calculations. CDF analyzed e*e™ pairs
with pseudorapidities |7.| up to 2.8 near the My peak region using 1.1 fb=! of data.
The result is consistent with NLO CTEQ6 PDF as shown in Fig. 2, and will be
used as a future input to PDF fits.

A measurement of Z/~4* transverse momentum (gr) distribution was performed
by DO in ete™ events (40 < M., < 200 GeV/c?) using 1.0 fb~1 of data. At low
qr, the results (Fig. 2) are in agreement with the simulation from the ResBos event
generator [9], which does a soft gluon resummation using the CSS technique [10],
while at high g7 (gr = 20 GeV/¢), the cross section is dominated by radiation of a
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single parton with a large transverse momentum, and the results are in agreement
with the fixed-order perturbative QCD, now available at the NNLO [11].
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Fig. 2 (left). CDF measured do(Z°/y* — ete™)/dy distribution in the 66 <
M,. < 116 GeV/c? region compared to the calculation with NLO CTEQ6.1 PDFs.
(Right). The fractional difference between D@ measured differential cross section
do(Z°/y* — ete™)/dgr and the theoretical predictions.

2.3. Diboson production

An important test of the SM is the measurements of the diboson pair production
cross-sections. Deviations from the rates predicted by the SM or in kinematics of
observed events could point at anomalies in triple gauge boson couplings (TGCs),
which are directly related to the non-Abelian SU(2);, ®U(1)y group structure, and
could indicate new particles in loop diagrams [12]. Measurements at the Tevatron
probe higher /s than are available at LEP and are sensitive to different combina-
tions of TGCs. Diboson final states can also receive contributions from the s-channel
production of an as yet unobserved particle, such as the SM Higgs decaying to a
pair of W bosons.

Of the heavy diboson processes, WW production is the largest one. The highest
statistics measurement of WIWW cross-section to date was performed by CDF using
825 pb~! dataset. The measured cross-section is o = 13.6 & 2.3(stat) + 1.6(syst) &
1.2(lum) pb, in agreement with the NLO calculations of 12.4 + 0.8 pb [13].

The W Z process has a smaller cross section and has been only recently observed
at the Tevatron [14]. Since then both CDF and D@ have updated the WZ cross-
section measurements with larger datasets and set tight limits on TGCs. The largest
dataset (1.9 fb~1) of trilepton (e, ) events has been analyzed by CDF. With 25
events observed in the WZ signal region, while expecting only 5.2 + 0.5(stat) +
0.6(syst) background events, the significance of the excess is more than 6 standard
deviations, and the measured WZ cross-section o = 4.3%13(stat) + 0.2(syst) +
0.3(lum) pb stands in good agreement with an NLO prediction of 3.7+ 0.1 pb [13].

Z 7 process has one of the smallest cross sections at the Tevatron. The evidence
of ZZ production with a significance of 30 has been reported by CDF based on 1.5
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fb~! of data. CDF analysis combines the 4/ and 2¢-2v final states, and measures
o =0.7570-T} pb consistent with the NLO calculation of 1.4 + 0.1 pb.

W+~ production. The interference among the three tree-level diagrams in-
volved in W+ production creates a zero in the center-of-mass angular distribution
0*, between the W and the direction of the upcoming quarks, corresponding to
cos(6*) = :l:%. D@ measured the charge-signed rapidity photon-lepton difference
in W~ events sensitive to the radiation amplitude zero using 0.9 fb=! of data.
The observed distribution is consistent with the SM prediction, as opposed to the
alternative model with anomalous WW+ couplings with no dipole moment and
producing no dip in the expected region. as shown in Fig. 3.
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Fig. 3 (left). The transverse mass distribution of CDF W Z candidates in the W Z
signal region. (Right). The D@ measured charge-signed rapidity Q x An difference
shape as compared to the SM predictions and to a model with anomalous WW~
couplings.

Z~ production. In the SM at the tree level, a Z boson cannot couple to
a photon, therefore an excess in Zv production would indicate anomalous ZZ~
and Zvy TGCs. CDF and D@ 1 fb~! samples of £/~ events with photon transverse
energy Er(vy) > 7 GeV have been analyzed, and measured cross sections were found
to be consistent with the SM predictions [15].

3. Top physics at the Tevatron

The top quark stands apart from other quarks in the SM due to its heavy mass
of ~ 175 GeV/c? remarkably close to the electroweak scale and with the coupling
to a Higgs boson close to unity. That makes some to speculate that the top may
play a special role in the electroweak symmetry-breaking mechanism. In addition,
this heavyweight object has a very short lifetime 7, ~ 10724 s and width I' ~ 1.5
GeV, much larger than the scale for the perturbative QCD (Agep ~ 200 MeV).
As a result it decays as a free quark, passing its momentum and spin directly to its
decay products.

The top quark was discovered fairly recently by the CDF and D@ experi-
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ments [16] during the Tevatron Run 1. With approximately 100 pb~! of data
collected by each experiment, event samples were statistically limited but sufficient
to claim the discovery of the new quark. Now with over 20 times more data and
even more data to come, the Tevatron experiments started achieving sensitivities
for studying properties of the “unordinary” quark in great detail.

3.1. Top pair cross section measurements

The top quarks are produced at the Tevatron mainly in pairs strongly through
the ¢¢ annihilation (~ 85%) or gluon-gluon fusion (~ 15%). Single top quarks can
be produced via the electroweak interaction, which is dicussed elsewhere [17].

In the SM, the top quark decays through charged-current weak interaction al-
most exclusively into a real W and a b quark. The final states of the top quark are
classified by the W decays. The most sensitive channel for top quark mass mea-
surements is the lepton-jets final state tt — (£~ b)(q1G2b), where one W decays
leptonically and the other one into a pair of quarks, representing about 30% of
the tt decays. The signature is a single high-py lepton, missing Er and four jets
with dominant background from a W boson produced in conjunction with jets. The
dilepton final state tf — (¢] 11b)(¢5 D2b) is the cleanest one, although it suffers from
the smallest branching ratio of 5%. The all-hadronic final state tf — (q1¢2b)(q3qab)
has the highest branching ratio, but it is challenging due to swamping QCD back-
grounds.

To reduce background contaminations, one employs algorithms to tag a b-quark
jet from a top quark exploiting the long lifetime of the b-quark and reconstructing
a displaced vertex with the silicon detectors. Other tagging algorithms are used to
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Fig. 4. Summary of the tt production cross section measurements performed by
CDF (left) and D@ (right) experiments.

FIZIKA B (Zagreb) 17 (2008) 1, 117-130 123



IVANOV: TOP AND ELECTROWEAK RESULTS FROM THE TEVATRON ...

detect soft muons within a b-jet from the b-quark semi-leptonic decays, or discrim-
inate a heavy flavor from light flavor jets on the statistical basis based on the track
content within a jet.

Due to the top quark large mass, events with top quarks tend to be more ener-
getic and central, and the tf events can be also separated from backgrounds without
applying a b-tag requirement using kinematic and topological discriminators.

The tt cross section measurement is the first important step towards under-
standing of the top properties, and it has been measured by CDF and D@ in all
of the tt decay channels using a variety of techniques. A summary of recent re-
sults from both experiments is presented in Fig. 4, all stand in agreement with the
theoretical prediction of 6.7 + 0.8 pb [18] at m; = 175 GeV/c?.

3.2. Top mass measurements

The top quark mass is a fundamental parameter of the SM, precise measure-
ment of which together with the W mass constrains the Higgs mass. For this
measurement a full reconstruction of the # events is required, which presents sev-
eral experimental challenges. The neutrinos from leptonically decaying W’s escape
the detector. The quarks hadronize and form jets whose energy must be corrected
back to the parton level. The assignment of jets to right partons usually has many
possible permutations. Finally, there are background processes that can mimic t
events.

CDF and D@ performed measurements of the top mass in all of the top decay fi-
nal states with a large diversity of sophisticated techniques. Current measurements
achieved a level of precision when systematic uncertainties start to dominate. The
main contribution to systematics comes from the knowledge of the jet energy scale
(JES), which incorporates corrections of the raw jet energies and instrumental ef-
fects, and is known to a level of 2—3% [19]. A failrly recent important improvement
to the top quark mass analyses is the in situ JES calibration technique, which in-
troduces the JES as a second observable in the ¢t event reconstruction and makes
use of distributions of the invariant di-jet mass myy of the hadronically decaying W
bosons. A simultaneous determination of m; and the JES in situ effectively trans-
forms the JES systematics into a statistical uncertainty, since with more statistics
the knowledge of the shape of di-jet mass my distribution improves.

The summary of the top mass measurements is presented in Fig. 5. The most
precise measurements from each channel using up to 1 fb=! of the data were com-
bined with Run 1 measurements, which results in the world average top quark mass
of 170.9 & 1.1(stat) 4 1.5(syst) GeV/c?. The precision of this measurement super-
sedes the original projections made before Run 2, and at the end of Run 2 the top
mass is expected to be known at the 1 GeV level.

Precise measurements of the top quark and W boson masses provide an impor-
tant input to the global electroweak fit. Assuming the SM is the correct description
of nature, the preferred value for the Higgs mass is My = 761“;’2 GeV/c?, and the
upper 95% confidence level (CL) limit is 144 GeV /c?, without taking into account
the LEP 2 direct limit [6].
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Fig. 5. Summary of the top quark mass measurements performed by CDF (left)
and DO (right) experiments.

3.3. Top quark properties

Forward-backward asymmetry in top pair production. Due to the large
top quark mass, top production is an ideal testing ground to study effects predicted
by QCD. NLO calculations predict a charge asymmetry in the ¢ production [20]
arising from the interference of initial and final gluon radiation as well as from the
interference of born and box diagrams. This charge asymmetry can be interpreted
as the forward-backward asymmetry (Ayp) predicted at 4-6%. CDF measured the
charged signed rapidity difference between top and anti-top quarks Ay-@Qy, which is
directly related to Ayp, using a 1.7 fb~! sample of £ + jets events. The distribution
of Ay-Qy is shown in Fig. 6. The measured value A = 0.28 £0.13(stat) £ 0.05(syst)
comes out higher than the NLO predictions, although consistent within errors.

Search for resonant top pair production. Resonant top production could
arise from the decays of massive Z-like bosons in a topcolor-assisted technicolor [21]
and several other theories beyond the SM (BSM) [22]. The CDF and D@ ~ 1 fb~!
samples of lepton + jets events were analyzed and no resonance peak has been
observed in the my; spectrum (see Fig. 6). New improved limits on the mass of
Z-like boson for various BSM scenarios have been set.

o(gg — tt)/o(pp — tt) measurement. The fraction of the tf events produced
via gluon fusion is predicted with large uncertainties [18], therefore the measure-
ment of o(gg — tt) is an important test of the perturbative QCD. It can also reveal
an unknown top production mechanism. CDF employs an observed correlation
between the average number of gluons and the average number of low pr charged
particles, and extracts the o(gg — tt)/o(pp — tt) fraction by performing the fit (see
Fig. 7) for the sample of the tagged W+ > 4 events to gluon-rich (obtained from the
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to predictions with A=28%. (Right) Invariant tt mass spectrum.
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di-jet sample) and no-gluon component (obtained from the W + 0 jet sample). The
result of the measurement using 0.95 fb~! of data is 0.07 £ 0.14(stat) £ 0.07(syst),
in agreement with the SM.

The other CDF analysis takes advantage of the kinematic shape differences
between the q7 — tt, gg — tt and backgrounds and by using the artificial neural
network framework with 0.95 fb=! of dataset obtains that the measured ratio is
below 0.33 at 68% CL.

A direct measurement of top quark width is performed by CDF in a
sample of the fully reconstructed tf £+ jets events using 1 fb~! of data by fitting
the observed reconstructed top mass distribution to the top mass templates, corre-
sponding to various top quark widths obtained from MC simulation. Applying the
Feldman-Cousins prescription [23], CDF extracted a limit on the top width to be
Iy < 12.7 GeV at 95% CL, assuming m; = 175 GeV/c?.

Top charge. CDF performed a measurement of the top quark charge by dis-
criminating two hypotheses: SM (¢ — W™b) vs. an exotic model (Q — W™b),
suggesting a quark with the charge of +4/3 [24]. The measurement is performed in
both ¢+ jets and dilepton channels using 1.5 fb~! of data. The charge of the #(%) is
obtained based on the pairing between the W boson and the b-jet determined with
a high purity from the full reconstruction of the #f events, and based on a flavor
tagging of the b-jet. The b-flavor tagging algorithm analyzes the track charges in-
side of the b-jet and assigns the b or b probability with a purity of 61%. A priori
defining the probability of incorrectly rejecting the SM to be 1%, the exotic quark
hypothesis is excluded with 87% CL.

W helicity in top decays is fixed by the V — A structure of the tWb vertex and
it exhibits itself in the kinematics of the W decay products. SM predicts the fraction
of decays to longitudinally polarized W bosons fy to be ~ 70%, and the fraction
of left-handed W’s f_ is &~ 30%, while the right-handed fraction f,is suppressed.
Both experiments measure the angular distribution of the charged leptons in the
W rest frame with respect to the direction of the W boson motion in the top-quark
rest frame (cos 0*). Using 1 fb~! of ¢+ jets and dilepton candidates, D@ measures
f+ < 0.14 at 95% CL (see Fig. 7). CDF performed two independent measurements
using 1.7 fb~! of data. The best limit is f+ < 0.07 at 95% CL.

Search for FCNC t — Zq decays. In the SM, top quark flavor changing
neutral current (FCNC) decays are highly suppressed with branching fractions of
the order of 107'4. In SUSY and two Higgs double models branching ratios are
higher, up to 1072. CDF searched for the FCNC decays of top in Z+ > 4 jet
candidate events with and without a secondary vertex b-tag in 1.1 fb~! of data,
by reconstructing events under the tt FCNC decay hypothesis and quantifying the
goodness of the fit with the x? term. Distributions of x? are shown in Fig. 7. CDF
sets an upper limit B(t — Zq) < 10.6% at 95% CL.
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4. Conclusions

In this article recent CDF and D@ results in the electroweak and top sector are
presented based on the datasets of up to 1.7 fb~!. The electroweak measurements
bring SM tests to a level of precision which meets or exceeds that of electron-
positron colliders. Precision measurements of the mass of the W boson (0.04%)
and the mass of the top quark (1.1%) place limits on the mass of the SM Higgs
boson to be less than 144 GeV/c? at 95% CL. Many properties of the top quark
have been analyzed in detail, while more precise measurements are expected with
larger datasets. The Tevatron Run 2 is well underway and is projected to increase
the statistics of datasets by a factor of four above those reported here.
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t-KVARKOVSKI I ELEKTROSLABI REZULTATI NA TEVATRONU

Predstavljamo nove ishode CDF i D¢ mjerenja o svojstvima W i Z bosona te
t-kvarka.
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