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The fundamental parameters of the Standard Model of particle physics, i.e. the W-boson mass
My, the top-quark mass m; and the effective mixing angle sin? Glff, have been intensively
measured by the CDF and DO experiments at the Fermilab Tevatron Collider. Published
results from RunlIl (2001-2011) 9.7fb~" data of pp collisions at /s = 1.96TeV are combined,
and Runl (1992-1996) results of /s = 1.96TeV collisions are also used if available. The
preliminary combinations yield legacy Tevatron average values as My = 80387 + 16MeV,
my = 174.30 + 0.65GeV and sin® Glef_f = 0.23179 £ 0.00035.

1 Introduction

In the standard model of particle physics(SM), the electroweak interactions is described by the
SU(2) x U(1) gauge group and the Higgs mechanics of spontaneous symmetry breaking. The
theory predicts strict correlations between fundamental physical parameters, especially the fine-
structure constant «, the Fermi coupling constant G, the Z and W weak vector boson masses
My and My, the weak mixing angle sin? @y, the top quark mass my, and the Higgs scalar
boson mass M. These parameters can be independently measured, and thus have the SM
electroweak theory over-constrained and be able to precisely tested !. For example, the value
of My can be calculated from My, sin® 0y and my, when the values of o, Gp and M are
given. Any significant deviation of these parameters between experimental observations and
electroweak theory predictions implies new interactions beyond the SM. This paper presents
the latest results of My, m; and sin? 8y measured by the CDF and DO experiments during the
Fermilab Tevatron pp collider RunII (2001-2011) at /s = 1.96TeV with an integrated luminosity
of 9.7 fb=! data, and the combination with results of Runl (1992-1996) at /s = 1.8TeV with
an integrated luminosity of 0.1 fb~! data,if available.

2 The W-boson mass

At the Tevatron, the W-boson mass is determined by using three kinematic variables per-
pendicular to the beam direction derived in single W boson production and leptonic decay
pp — W — lv 4+ X events, where the charged leptons | = e, u are electrons and muons: the
transverse momentum of the charged lepton pép, the missing transverse energy K7 originating

from the neutrino, and the transverse mass mlT = \/ 2plTE%(1 — cos A¢), where A¢ is the open-
ing angle between the vectors of the péf and F7 in transverse plane. The distributions observed
from low-background data are compared with those predicted by detector-based Monte Carlo
(MC) simulations parameterized as a function of My, and the W-boson mass is extracted from



Table 1: Latest Tevatron My results: the CDF 2.2fb™' W — ev/uv and the D0 5.3fb™' W — ev measurements.

My =+ ostat. = Osyst.
CDEF-II | 80387 + 12 4+ 15 MeV
DO-II 80376 + 11 + 20 MeV

maximume-likelihood fits between data observations and MC templates. Details of the experi-
mental methods of extracting My, are discussed in Ref. 2.

The latest Tevatron My, measurements were derived by CDF experiment using W — ev
and W — uv events collected with 2.2fb~! Runll integrated luminosity 3, and D0 experiment
using W — ev events collected with 5.3fb~! Runll data?, respectively, as shown in Table 1.

The dominant systematic uncertainties are raised from the parton distribution functions
(PDFs) of the W-boson production in the interacting protons and antiprotons and the modeling
of W-boson transverse momentum p:,W , and the detector responses to lepton energy and hadronic
recoil, which are calibrated with J/v, Y and Z-boson decay into dilepton final states.

The latest CDF and DO RunlI results are then

combined with previous Runl measurements, sta- Mass of the W Boson
tistically independently and taking into account Mezsurement My [MeV]
correlations among systematic uncertainties. The
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Figure 1 — The W-boson mass measurements per-
My (World Average) = 80385 £ 15MeV formed at the Tevatron and LEP experiments and
the new world-average combination

3 The top-quark mass

As the heaviest known elementary particle, the top quark raises the largest Yukawa coupling and
play a critical role in the SM consistency check through radiative corrections to the masses of W
and Higgs bosons. Therefore, a precise measurement of the top quark mass m; is one of main
physics goals of the Tevatron experiments. The dominant production of the top quark at the
Tevatron is the process of top-antitop pair production via light quark annihilation pp — qq — tt.
The direct measurements of the top-quark mass are to extract the m; value from parameterized
MC simulations, based on the full kinematic and topological information in ¢¢ candidate events
selected from data, under an assumption that the top and antitop quark masses are equal.
Because of the 100% branching ratio of ¢ — bW decay, the tf events can be catalogued into 4
different channels according to their W boson decay as:

e The “lepton+jets” channel (I+jets): one W boson decays leptonically W — lv (I = e, u)
to an electron or a muon, while the other W boson decay hadronically into two jets. This
channel has a branching ratio of around ~ 30% and a moderate background arising from
W-jets, Z+jets and multijet processes;

e The “dilepton” channel (ll,): both W bosons leptonically decay into an electron or a muon
final states. This channel is nearly free from background but has only a small fraction of
branching ratio ~ 4.5%;



e The “all jets” channel (ll,): both W bosons decay hadronically.This channel has the largest
branching ratio of ~ 46%, but suffers significant background from multijet production;

e The “tau-channel”: at least one W bosons decays into 7v final state, which has a branching
ratio of ~ 20%.

Due to the moderate yield and relatively low background, the first two channels listed above
would provide more sensitivities to ¢ cross-section measurement and m; extraction than the
other channels. Hereinafter, I will present the direct top-quark mass measurements in lep-
ton+jets 8 and dilepton ? final states performed with DO Runll data collected with 9.7fb~"
integrated luminosity as examples, while the CDF experiment has adopted the similar research
strategies. These two sensitive channels, in which at least one W boson decays leptonically,
require quite many common ¢t event selections: well spacial-separated and high pr jets and
electrons or muons; large 7 due to escaping neutrinos; one or two jets should be identified as
b jets. Good momentum resolution is required for all objects, especially the jet energy scale
(JES) has to be known with high precision.

For the lepton+jets channel, 1502 electron and 1286 muon candidates are selected by the D0
experiment with RunlII data, in which 918.1+3.6 and 824.943.5 ¢t signal events are expected re-
spectively. To extract the value of my, event-based probability densities (PDs) are introduced, by
using the matrix element (ME) technique” under both the #£ signal and background hypotheses
as

Povt o< f - Psig(f? my, kyps) + (1= f) - Pbkg(f5 kJES)

where I represents the measured four-momenta of the four jets and the charged lepton, but not
B due to its limited experimental resolution. The signal fraction f is to be determined from
data. The constant factor kjrg is introduced to reduce JES uncertainty by performing an in situ
calibration, which exploits the hadronic W — ¢@ decay by constraining the invariant mass of
the dijet system to be consistent with My, = 80.4 GeV. This in situ JES calibration, determined
using light-quark jets, is applied to jets of all flavors associated with ¢t decay, and is propagated
to the DO Runll m; measurements in dilepton channel. The signal PD function Psig is described
by the differential cross-sections of pp — tt, assumed to be dominated by the ME of the partonic
qq — tt — b(Ilv)b(qq) hard scattering, where the unmeasured neutrino momentum components
are integrated out in this computation. The background PD function Pbgk is described by the
ME of the g§ — W +jets partonic process. Thereafter, a likelihood function is constructed from
the product of the individual Puyt values over all selected events. Two dimensional (my, kjgg)
fits are performed on the likelihood function, and the result® is given as

m¢(DO-II lepton+jets) = 174.98 £ 0.58(stat+JES) & 0.49(syst) GeV
= 17498 £0.76 GeV

For the dilepton channel ?, around 340, 115 and 110 events are selected in the eu, ee and
pp final states respectively, within the full DO Runll data. The presence of two undetected
neutrinos with high py in the ¢t decay makes it impossible to fully constrain the kinematics
of the final states. Therefore, a neutrino weighting (NW) technique is developed ? to generate
an event-based weight function w, which is computed by comparing the x— and y—components
of the observed Hp with the calculated pp components of the neutrinos integrating over the
neutrino rapidities, for a set of chosen values of hypothesized m;. This way, a distribution
function w(m;) is yielded, of which the first and second moments [u,,, 0] are most sensitive and
used to estimators for likelihood fitting to extract m; as

my(DO-II dilepton) = 173.32 + 1.36(stat) =+ 0.85(syst) GeV
= 173.32+1.60 GeV



All the DO Runl and RunlI direct top-quark mass measurements in the lepton+jets and
dilepton channels are combined '. Taking the statistical and systematic uncertainties and their
correlations among channels into account, the combined DO average is given as

my (DO Average) = 174.95 4+ 0.40(stat) &+ 0.64(syst) GeV
= 17495+ 0.75 GeV

Following the same combination strategy, the Tevatron average ' of the CDF and DO Runl and
RunlIl measurements is derived as

m¢(Tevatron Average) = 174.30 £ 0.35(stat) £ 0.54(syst) GeV
= 174.30 £ 0.65 GeV

which is corresponding to a relative precision of 0.37%.
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Figure 2 — The preliminary Tevatron combination of direct m; measurements

4 The weak mixing angle

The weak mixing angle sin? 6y is one of the fundamental parameters of the SM. It describes
the mixing of the coupling constants of the SU(2) x U(1) gauge group, and consequentially
the relative strength of the axial-vector couplings gfg to the vector couplings g{; in neutral-
current interactions of a Z boson to fermions. At the Born level and in all orders of the on-shell
renormalization scheme, the parameter is related to the W and Z boson masses as sin® yy =

1-— M%, /M% To include higher order electroweak radiative corrections, flavor-specified weak

mixing angles are defined as
sin? 67, = S 1-— i
A\ g



Table 2: Published Tevatron sin? Géﬂp measurements: the CDF results are given in the frame of NNPDF3.0 and
running NLO radiative corrections, while the DO is given with NNPDF2.3 and NLO electroweak corrections fixed
at the Z-pole.

sin? Oy =+ Ostar. £ Osyst. = OPDF Total uncertainty
CDF-11 Z(pp) 0.2315 £ 0.0009 4 0.0002 + 0.0004 40.0010
CDF-II Z(ee) | 0.23248 + 0.00049 4 0.00004 + 0.00019 40.00053
DO-1I Z(ee) 0.23147 4+ 0.00043 4 0.00008 4 0.00017 40.00047

It is customary to quote the charged lepton effective weak mixing angle sin? Gé e which has
been accurately measured from CP-violating observables around the Z boson pole at the LEP
and SLD ete™ experiments '2. The combined LEP and SLD average gives a value of 0.23149 4+
0.00016. However, there is tension between the two most precise individual measurements:
the LEP b-quark forward-backward charge asymmetry of 0.23221 4+ 0.00029, and the SLD left-
right polarization asymmetry of Z-boson production of 0.23098 £ 0.00026, differ by 3.2 standard
deviations. Therefore, an independent determination of the effective weak mixing angle is an
important precision test of the SM electroweak breaking mechanism.

At the Tevatron, the mixing angle can be measured in the Drell-Yan pp — Z/v* — 71T
(I = e, ) process, through a forward-backward charge asymmetry in the distribution of the
emission angle #* of the negatively charged lepton momentum relative to the incoming quark
momentum, defined in the rest frame of the dilepton final state. The number of events within
cos 0* > 0 are classified as forward N, while the number of events within cos 6* < 0 as backward
Np, and the forward-backward charge asymmetry is defined by

Nr — Np

App = ~F B
FB = Np+ Ng

The App distribution as a function of the invariant mass of the dilepton system measured from
data, is compared with parameterized leading order (LO) simulation templates to extract the
sin? Ay at Born-level. This extracted value is further interpreted to the effective mixing angle
with certain schemes of the PDF algorithm and the next-to-leading order (NLO) electroweak
radiative corrections. The CDF and D0 Collaborations have achieved precise sin? eleff measure-
ments in Z — pp'® and Z — ee 415 final states respectively, with the full Tevatron RunII
data.

The CDF has its two measurements published in schemes of NNPDF3.0 and running NLO
electroweak radiative corrections on the effective mixing angle;while the DO result of electron
channel is reported in schemes of NNPDF2.3 and NLO corrections fixed at the Z-pole. Convert-
ing the DO result into the CDF PDF and NLO radiative correction schemes, the three measure-
ments of the CDF electron and muon final states and the DO electron channel are combined to
give a Tevatron preliminary as

sin? Héﬂ;(Tevatron Preliminary) = 0.23179 £ 0.00030(stat.) £ 0.00017(syst.)
= 0.23179 £ 0.00035

Recently, the DO experiment has finished the weak mixing angle measurement in pp — Z —
pp events collected with Runll 8.6 fb~! data. The effective mixing angle is extracted from the
App asymmetry as a function of the dimuon invariant mass around the Z pole, and interpreted
with NNPDF3.0 and NLO electroweak corrections fixed at the Z-pole. The preliminary result 7
of the DO dimuon measurement is given as

sin? 0L (DO-IT dimuon) = 0.23002 £ 0.00059(stat.) £ 0.00011(syst.) & 0.00027(PDF)
= 0.23002 £ 0.00066



5 Summary

I have presented the combinations of measurements of the SM fundamental parameters My,
my and sin? Oy performed by the Tevatron CDF and DO experiments, dominantly with RunII
9.7fb~! data and Runl results if available. These parameters are extracted by comparing sensi-
tive experimental observables measured from data with those predicted by parameterized sim-
ulations:

the W-boson mass is extracted from lepton pr,
missing energy K7 and transverse mass myp dis-
tributions in the W — v (I = e, u) channels; the

LEP-1 and SLD: Z-pole ® 0 23149+0.00016

L AOb
top-quark mass is measured by using full kinematic LEP-1 and SLD: A, 5 %5221£0.00029
and topological information of ¢ events; and the SLD: A, ) 0 5309810.00026
effective weak mixing angle is measured from the CNSpuif” |  298740.0032
forward-backward charge asymmetry distributions ATLAS ee+uu 5 b e bana-0.0012
_ < > - 2308+0.
in lire‘ll—Yan pp ; Zf/% Htl l ﬁng’l ststes. The LHCb 110 3 1" o 1240.00107
preliminary results of Tevatron combinations are 4
Y CDF up 9o ®0.2315£0.0010
-1 o
My = 80387+ 16 MeV LRESeR b 0.23248+0.00053
w
CDF ee+uu 9 fb™ —o—
m; = 174.30 +0.65 GeV e 0.23221£0.00046
2 gl DO eg 10T % 0.23137+0.00047
3 — August 2016: preliminary . +0.
S eeff = 0.23179 £ 0.00035 TeV combined: CDF+D0

August 2016: preliminary | 0.23179:£0.00035
Where the direct m; measurements yield a relative 10.2|26 \0.528. 0_‘23 ‘0.532‘0.2‘34J
precision of 0.37%; and the accuracies of the final
Tevatron My, and sin® 6! .. results are expected to
be improved with the completeness of CDF and DO Figure 3 — The preliminary Tevatron combina-
W-boson mass measurements with the full RunlI tion of sin® g measurements and comparison to
dataset, and by including the DO effective mix- LEP/SLD and LHC experiments.

ing angle measurement in dimuon channel, respec-
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sin Ge“

tively.
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