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We present a search for flavor changing neutral currents in decays of top quarks. The analysis is
based on a search for tt — 'vel+jets (£,¢' = e, i) final states using 4.1 fb ! of integrated luminosity
of pp collisions at /s = 1.96 TeV. We extract limits on the branching ratio B(t — Zq) (¢ = u,c
quarks), assuming anomalous tuZ or tcZ couplings. We do not observe any sign of such anomalous
coupling and set a limit of B < 3.2% at 95% C.L.

PACS numbers: 12.60.Cn, 13.85.Qk, 14.65.Ha, 12.15.Mm

Flavor changing neutral currents (FCNC) allow for
transitions between quarks of different flavor but same
electric charge. FCNC are sensitive indicators of physics
beyond the standard model (BSM), because they are sup-
pressed in the standard model (SM).

In this paper, we search for FCNC decays of the top
(t) quark [1]. Within the SM the top quark decays
into a W boson and a b quark with a rate propor-
tional to the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix element squared, |Vip|? [2]. Under the assumption
of three fermion families and a unitary 3 x 3 CKM ma-
trix, the |Vip| element is severely constrained to |Vip| =
0.99915270 505039 [3].  While the SM branching frac-
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tion for ¢ — Zq (¢ = u,c quarks) is predicted to be
~ 10~ [4], supersymmetric extensions of the SM with
or without R-parity violation, or quark compositeness
predict branching fractions as high as ~ 1074 4@] The
observation of the FCNC decay t — Zq would therefore
provide evidence of contributions from BSM physics.

We analyze top-pair production (¢f), where either one
or both of the top quarks decay viat — Zq or their charge
conjugates (hereafter implied). Any top quark that does
not decay via t — Zq is assumed to decay via t — Wb.
We assume that the t — Zq decay is generated by an
anomalous FCNC term added to the SM Lagrangian

Lrone =
Tem o costw L u(Vtqz — atgzys) ¢ 2" +hee., (1)

where ¢, t, and Z are the quantum fields for up or charm
quarks, top quarks, and for the Z boson, respectively, e
is the electric charge and 6y the Weinberg angle. We
thereby introduce dimension-4 vector, v;,z, and axial
vector, atqz, couplings as defined in ﬂﬂ]
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Figure 1: Lowest-order diagram for FCNC tf — WbZq' pro-
duction, where ¢’ can be either a u or ¢ quark, and the W
and Z bosons decay leptonically.

We investigate channels where the W and Z bosons
decay leptonically, as shown in Fig. Il The u, ¢, and b
quarks subsequently hadronize, giving rise to a final state
with three charged leptons (£ = e, ), an imbalance in
momentum transverse to the pp collision axis (£, from
the escaping neutrino in the W — fv decay), and jets.

This is the first search for FCNC in ¢t decays with
trilepton final states. This mode provides a distinct sig-
nature with low background, albeit at the cost of statis-
tical power. Previous studies have been done to search
for FCNC processes in meson decays, i.e., b — Zs in
Bt — K*trte— |80 or s » Zd in Kt — 7w [11).
Using the DT — 7t~ final state in 1.3 fb~! of inte-
grated luminosity, the DO Collaboration has set the best
branching ratio (B) limits on the FCNC ¢ — Zu process
at B(D" — wtutp~) < 3.9 x 1075 at 90% C.L. [12).
There are theoretical arguments as to why top quark de-
cays may be the best way to study flavor violating cou-
plings of mass-dependent interactions ﬂﬁ, ] FCNC
tqZ and tqy couplings have been studied by the CERN

~ Collider (LEP), DESY ep Collider (HERA), and
Tevatron collider experiments ﬂﬁ@] The DO Collabo-
ration has recently published limits on the branching ra-
tios determined from FCNC gluon-quark couplings using
single top quark final states m] The 95% C.L. upper
limit on the branching ratio of t — Zq from the CDF
Collaboration uses 1.9 fb~! of integrated luminosity, as-
sumes a top quark mass of my = 175 GeV and uses the
measured cross section of 0,7 = 8.8 1.1 pb HE] This
result excludes branching ratios of B(t — Zq) > 3.7%,
with an expected limit of 5.0% + 2.2%. To obtain these
results, CDF exploited the two lepton plus four jet fi-
nal state. This signature occurs when one of the pair-
produced top quarks decays via FCNC to Zgq, followed
by the decay Z — ee or Z — uu. The other top quark
decays to Wb, followed by the hadronic decay of the W
boson. This dilepton signature suffers from large back-
ground, but profits from more statistics relative to the
trilepton final states investigated in this Letter.

This analysis is based on the measurement of the
W Z production cross section in (v¢¢ final states [21] us-

ing 4.1 fb~! of integrated luminosity of pp collisions at
Vs = 1.96 TeV. We require the presence of one or more
jets in the final state and investigate observables that are
sensitive to the signal topology in order to select events
with WZ — (vl decays that originate from the pair
production of top quarks.

A detailed description of the D0 detector can be found
elsewhere [22]. Here, we give a brief overview of the main
sub-systems of the detector. The innermost part is a
central tracking system surrounded by a 1.9 T supercon-
ducting solenoidal magnet. The two components of the
central tracking system, a silicon microstrip tracker and
a central fiber tracker, are used to reconstruct pp interac-
tion vertices and provide the measurement of the momen-
tum of charged particles within the pseudorapidity range
of |n| < 2 (with n defined relative to the center of the
detector). The tracking system and magnet are followed
by the calorimetry that consists of central (CC) and end
(EC) electromagnetic and hadronic uranium-liquid ar-
gon sampling calorimeters, and an intercryostat detector
(ICD). The CC and two EC calorimeters cover |n| < 1.1
and 1.5 < |n| < 4.2, respectively, while the ICD covers
for 1.1 < || < 1.4. The calorimeter measures energies
of hadrons, electrons, and photons. The muon system
consists of a layer of drift tubes and scintillation coun-
ters inside a 1.8 T toroidal magnet. Two similar layers
are outside of the toriodal magnet and the entire system
covers |n| < 2.

An electron is identified from the properties of clusters
of energy deposited in the CC, EC, or ICD that match
a track reconstructed in the central tracker. Because of
the lack of far forward coverage of the tracker, we define
EC electrons only within 1.5 < |n| < 2.5. The calorime-
ter clusters in the CC and EC are required to pass the
isolation cut

FEiot (AR < 04) — EEM(AR < 02)

1
EEM(AR < 02) <0

for the "loose” electrons and < 0.07 for "tight” elec-
trons, where Fjio is the total energy in the EM and
hadronic calorimeters, Egy is the energy found in the
EM calorimeter only, and AR = /(A¢)2 4+ (An)2. For
the intercryostat region (ICR), 1.1 < |n| < 1.5, we form
clusters from the energy deposits in the CC, ICD, or EC
detectors. These clusters are identified as electrons if
they pass a neural network requirement that is based on
the characteristics of the shower and associated track in-
formation. A muon candidate is reconstructed from track
segments within the muon system that are matched to a
track reconstructed in the central tracker. The trajectory
of the muon candidate must be isolated from other tracks
in the tracker and the energy deposition in the calorime-
ter. Jets are reconstructed from the energy deposited in
the CC and EC calorimeters, using the “Run II midpoint
cone” algorithm [23] of size AR = 0.5, within || < 2.5,
where ¢ is the azimuthal angle.

Monte Carlo (MC) samples of WZ and ZZ back-



ground events are produced using the PYTHIA genera-
tor ﬂﬂ] The production of the W and Z bosons in asso-
ciation with jets (W+jets, Z+jets), collectively referred
to as V+jets, as well as tt processes are generated using
ALPGEN [25] interfaced with PYTHIA for parton evolution
and hadronization. In all samples the CTEQ6L1 par-
ton distribution function (PDF) set is used, along with
me = 172.5 GeV. The t{ cross section is set to the SM
value at this top quark mass, i.e., o7 = 7.46 795 pb [26].
This uncertainty is mainly due to the scale dependence,
PDFs, and the experimental uncertainty on m ﬂﬂ]

All MC samples are passed through a GEANT @] sim-
ulation of the DO detector and overlaid with data events
from random beam crossings to account for the under-
lying event. The samples are then corrected for the lu-
minosity dependence of the trigger, reconstruction effi-
ciencies in data, and the beam position. All MC samples
are normalized to the luminosity in data using next-to-
leading order (NLO) calculations of the cross sections,
and are subject to the same selection criteria as applied
to data.

The signal process is generated using the PYTHIA gen-
erator with the decay t — Zq added. The Z boson
helicity is implemented by reweighting an angular dis-
tribution of the positively charged lepton in the decay
t — Zq — (0 q using compHEP [29], modified by
the addition of the Lagrangian of Eq.[Il The variable
cos 0 used for the reweighting is defined by the angle
0* between the Z boson’s momentum in the top quark
rest frame and the momentum of the positively charged
lepton in the Z boson rest frame. We assume in the
analysis that the vector and axial vector couplings, as
introduced in Eq. [l are identical to the correspond-
ing couplings for neutral currents (NC) in the SM, i.e.,
Viuz = 1/2 —4/3sin? Oy = 0.192 and a4,z = 1/2, where
sin? Oy = 0.231. To study the influence of different val-
ues of the couplings, we also analyse the following cases:
(1) viuz = 1, a1z = 0; (i) viwz = 0, a1z = 1; and (iii)
Vtuz = Gpuz = 1/4/2. The first two give identical results.
The difference obtained by using cases (i/ii), (iii), and
using the values of the SM NC couplings is included as
systematic uncertainty. Therefore, our result is indepen-
dent of the actual values of vyqz and ayqz. Since we do
not distinguish ¢ and u quark jets our results are valid
also for u and ¢ quarks separately.

The total selection efficiency, calculated as a function
of B=T( — Zq)/(T'(t = Wb) +I'(t = Zq)), can be
written as

& = (1— 3)2 CCESWHLW b (2)
+ 2B(1—-B)- Ciiszqw—b T B €tt—2q2q>

where the efficiency €,z +pw—j for the SM ¢t back-
ground contribution is used, along with the efficiencies
€1izqw-p and €747 that include the FCNC top
quark decays.

We consider four independent decay signatures: eee +
Br+X, eeu+ B+ X, ppe+ Br+ X, and ppp+Er+X,

where X is any number of jets. We require the events
to have at least three lepton candidates with transverse
momentum pr > 15 GeV that originate from the same
pp interaction vertex and are separated from each other
by AR > 0.5. The event must also have F, > 20 GeV,
which is calculated from the energy found in the calorime-
ter cells and pp corrected for any muons reconstucted in
the event. Furthermore, all energy corrections applied to
electrons and jets are propagated through to the K.

Events are selected using triggers based on electrons
and muons. There are several high-pr leptons from the
decay of the heavy gauge bosons providing a total trigger
efficiency for all signatures of 98% =+ 2%.

To identify the leptons from the Z boson decay, we
consider only pairs of electrons or muons, additionally
requiring them to have opposite electric charges. If no
lepton pair is found within the invariant mass intervals
of 74-108 GeV (ee), 65-115 GeV (uu) or 60-120 GeV
(ee, with one electron in the ICR) the event is rejected,
else, the pair that has an invariant mass closest to the Z
boson mass My is selected as the Z boson. The lepton
with the highest py of the remaining muons or CC/EC
electrons in the event is selected as originating from the
W boson decay. From simulation, this assignment of the
three charged leptons to Z and W bosouns is found to be
~ 100% correct for eep and ppe, and about 92% and 89%
for the eee and pup channels, respectively.

If jets are present, they are required to have pp >
20 GeV and |n| < 2.5. We also require that jets are
separated from electrons by AR > 0.5. There is no fixed
separation cut between the muon and jets but the muon
isolation requirement rejects most muons within AR <
0.4 of a jet. Thresholds in the selection criteria are the
same as in Ref. ] and the acceptance multiplied by
efficiency results are summarized in Table[llfor the FCNC
signal.

In addition to SM W Z production, the other major
background is from processes with a Z boson and an
additional object misidentified as the lepton from the W
boson decay (e.g., from Z+jets, ZZ, and Z~). A small
background contribution is expected from processes such
as W+jets and SM tt production. The WZ, ZZ, and tt
backgrounds are estimated from the simulation, while the
V+jets and Z~v backgrounds are estimated using data-
driven methods.

One or more jets in V4jets events can be misidenti-
fied as a lepton from W or Z boson decays. To estimate
this contribution, we define a false lepton category for
electrons and muons. A false electron is required to have
most of its energy deposited in the electromagnetic part
of the calorimeter and satisfy calorimeter isolation cri-
teria for electrons, but have a shower shape inconsistent
with that of an electron. A muon candidate is categorized
as false if it fails isolation criteria, as determined from
the total pr of tracks located within a cone AR = 0.5
around the muon. These requirements ensure that the
false lepton is either a misidentified jet or a lepton from
the semi-leptonic decay of a heavy-flavor quark. Using



o >0 0 1 >3
Channel €1 zqw—b ()

eee 1.65 £ 0.24|(7.65 £ 1.45) - 10=2]0.57 £ 0.09]1.00 £ 0.15
eefl 1.92 £0.18((6.77 £ 1.05) - 1072]0.58 £ 0.06]1.17 £ 0.11
upe 123 £0.13](3.37 £0.73) - 10 2[0.34 £ 0.04]0.85 £ 0.10
g 148 £0.19](3.05£0.74) - 10 2]0.38 £ 0.06|1.07 £ 0.15
Channel €1izqz5 (J0)

eee 1.22 +0.18](4.69 + 0.68) - 1072]0.41 + 0.06[0.76 + 0.11
eef 3.754+0.38/(1.07 £ 0.11) - 10~1]1.08 £ 0.11]2.56 + 0.25
JLpe 1.47+£0.16((3.22 £ 0.57) - 1072]0.38 £ 0.05[1.06 + 0.32
LU L 2.76 £ 0.36|(3.63 £ 0.69) - 1072]0.63 +0.09]2.10 + 0.28

Table I: Final efficiencies in % including detector and kinematic acceptance as well as detector efficiencies for each decay
signature as a function of jet multiplicity njet. The efficiency, e, is defined assuming fully leptonic decays of the vector bosons
from top quarks, as defined as in Eq.[2] The statistical and systematic uncertainties have been added in quadradure.

a sample of data events, collected using jet triggers with
no lepton requirement, we measure the ratio of misidenti-
fied leptons passing two different selection criteria, false
lepton and signal lepton, as a function of py in three
bins, nje, = 0, 1, and > 2, where nje is the number of
jets. We then select a sample of Z boson decays with
at least one additional false lepton candidate for each fi-
nal state signature. The contribution from the V+jets
background is estimated by scaling the number of events
in this Z+false lepton sample by the corresponding pr-
dependent misidentification ratio.

Initial or final state radiation in Z~ events can mimic
the signal process if the photon either converts into an
eTe™ pair or is wrongly matched with a central track
mimicking an electron and the I is mismeasured. As a
result the Z~ process is a background to the final state
signatures with W — ev decays. To estimate the contri-
bution from this background, we model the kinematics
of these events using the Zy NLO MC simulation [30].
We scale this result by the rate at which a photon is
misidentified as an electron. This rate is obtained using
a data sample of Z — uu events containing a radiated
photon, as it offers an almost background-free source of
photons. The invariant mass M (uuy) is reconstructed
and required to be consistent with the Z boson mass.
The Z — pp decay is chosen to avoid any ambiguity
when assigning the electromagnetic shower to the final
state photon candidate. As the Zvy NLO MC does not
model recoil jets, PYTHIA MC samples are used to esti-
mate Zv background jet multiplicities and K. As the
PYTHIA samples do not contain events with final state
radiation, we find the fraction of Zv events in data and
PyTHIA MC that pass our £y cut and take the difference
as a systematic uncertainty.

After all selection criteria have been applied, we ob-
serve a total of 35 candidate events and expect 31.7 +
0.3(stat) + 3.9(syst) background events from SM pro-
cesses. The statistical uncertainty is due to MC statis-
tics while the sources of systematic uncertainties are dis-
cussed later. Table [[Il summarizes the number of events
in each nje; bin. The observed number of candidate and

background events for each topology, summing over njet,
are summarized in Table [TIl In Tables [l and [II] and in
all the following figures, we assume a B of 5%.

To achieve better separation between signal and back-
ground, we analyze the nje;, and Hr distributions (defined
as the scalar sum of transverse momenta of all leptons,
jets, and Kr), and the reconstructed invariant mass for
the products of the decay t — Zgq.

The jet multiplicity in data, SM background, and in
FCNC top quark decays are shown in Fig.

c
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Figure 2: Distribution of nje; for data, for simulated FCNC
tt signal, and for the expected background. The ZqZq signal
is included in the t£ FCNC contribution but is expected to be
small, as can be seen from Tables [[I] and [TIl

FCNC t#t production leads to larger jet multiplicities
and also a larger Hr. This is shown in Fig.

To further increase our sensitivity we reconstruct the
mass of the top quark that decays via a FCNC to a Z
boson and a quark (t — Zg). In events with njex = 0,
this variable is not defined. In events with one jet, we
calculate the invariant mass, m{®°® = M (Z,jet), from
the 4-momenta of the jet and the identified Z boson, to
reconstruct my. For events with two or more jets, we

use the jet that gives a m{°®° closest to m; = 172.5 GeV.



Njet 0 1 >2
Background|25.66 + 0.28 4+ 3.26|5.06 + 0.14 4+ 0.56|0.92 + 0.08 4+ 0.09
tt - WbZq 0.20 +0.03 1.80 £0.27 3.87+ 0.56
tt — ZqZq 0.002 £ 0.001 0.020 £ 0.003 0.050 £ 0.007

Observed 30 4 1

Table II: Number of observed events, expected number of t£ FCNC events, and number of expected background events for each
njet bin with statistical and systematic uncertainties. The MC statistical uncertainty on the ¢t signal is negligible, and we only

present the systematic uncertainties. We assume B = 5%.

Source eee eeft I UL

Wz 6.64+0.07+1.19(7.51 £0.08£1.11{4.75+0.06 = 0.69(6.10 + 0.07 &= 1.00
Z7 0.334+0.034+0.06[1.76 &= 0.07 £ 0.17]0.46 - 0.04 £ 0.07[1.30 4= 0.06 £ 0.21
V + jets 0.60+0.13+0.11{0.40 £0.18 £0.17{0.48 +0.10 £ 0.01{0.22 + 0.05 £+ 0.03
Zy 0.18 = 0.05 + 0.08 < 0.001 0.66 £ 0.07 & 0.38 < 0.001

tt — WbWb|0.04 £0.01 £ 0.01{0.04 £ 0.01 4 0.01]0.05 4+ 0.01 + 0.01|0.04 £ 0.01 £ 0.01
Background [7.89 + 0.16 4+ 1.20{9.71 + 0.21 + 1.14{6.40 + 0.14 + 0.79{7.66 £ 0.11 £+ 1.02
tt — WbZq 1.57 4+ 0.22 1.734+0.17 1.174+0.13 1.4140.18
tt— ZqZq 0.010 &= 0.001 0.029 4 0.003 0.011 +£0.001 0.022 + 0.003
Observed 8 13 9 5

Table III: Number of observed events, expected number of ¢t FCNC events, and number of expected background events for each
final state signature with statistical and systematic uncertainties. The MC statistical uncertainty on the ¢t signal is negligible,
and we only present the systematic uncertainties. We assume B = 5%.

The m}°® distribution is shown in Fig.[{(a). In Fig.d(b),
we present a 2-dimensional distribution of m{*“® and Hr.
None of the observables in Figs. 2] — [ show evidence for
the presence of FCNC in the decay of tf. We therefore set
95% C.L. limits on the branching ratio B(t — Zq). The
limits are derived from 10 bins of the Ht distributions
for nje; = 0,1, and > 2. For the channels with nje, = 1
and nje; > 2, we split each Hr distribution into 4 bins
in mi®e°, mie°® < 120 GeV, 120 < m{**° < 150 GeV, 150
< mi®° < 200 GeV, and m{®°® > 200 GeV.

When calculating the limit on the branching ratio we
consider several sources of systematic uncertainty. The
systematic uncertainties for lepton-identification efficien-
cies are 15% (eee), 11% (eep), 9% (upue), and 12% (ppp).
The systematic uncertainty assigned to the choice of PDF
is 5%. In addition, we assign 9% systematic uncertainty
on o m] This includes the dependence on the un-
certainty of my ﬂﬂ] Furthermore, my is changed from
172.5 GeV to 175 GeV in tf MC samples with the dif-
ference in the result taken as a systematic uncertainty.
We vary the vz and ayqz couplings as explained be-
fore Eq. 2 resulting in a 1% systematic uncertainty on
the acceptance. Due to the uncertainty on the theoret-
ical cross sections for WZ and ZZ production, we as-
sign a 10% ﬂﬁ_ﬂ] systematic uncertainty to each. The ma-
jor sources of systematic uncertainty on the estimated
V+jets contribution arise from the ¥, requirement and
the statistics in the multijet sample used to measure
the lepton-misidentification rates. These effects are es-
timated independently for each signature and found to
be between 20% and 30%. The systematic uncertainty
on the Z~ background is estimated to be 40% and 58%

for the eee and ppe channels, respectively. Uncertainties
on jet energy scale, jet energy resolution, jet reconstruc-
tion and identification efficiency are estimated by varying
parameters within their experimental uncertainties. For
njer = 0 the uncertainty is found to be 1%, for nje, = 1
it is 5%, and for nje; > 2 it is 20%. The measured inte-
grated luminosity has an uncertainty of 6.1% [32).

We use a modified frequentist approach ﬂﬁ] where the
signal confidence level C' Ly, defined as the ratio of the
confidence level for the signal+background hypothesis to
the background-only hypothesis (CLs = C'Ls1y/CLy), is
calculated by integrating the distributions of a test statis-
tic over the outcomes of pseudo-experiments generated
according to Poisson statistics for the signal+background
and background-only hypotheses. The test statistic is
calculated as a joint log-likelihood ratio (LLR) obtained
by summing LLR values over the bins of the Hr distri-
butions. Systematic uncertainties are incorporated via
Gaussian smearing of Poisson probabilities for signal and
backgrounds in the pseudo-experiments. All correlations
between signal and backgrounds are maintained. To re-
duce the impact of systematic uncertainties on the sen-
sitivity of the analysis, the individual signal and back-
ground contributions are fitted to the data, by allowing
a variation of the background (or signal+background)
prediction, within its systematic uncertainties @] The
likelihood is constructed via a joint Poisson probability
over the number of bins in the calculation, and is a func-
tion of scaling factors for the systematic uncertainties,
which are given as Gaussian constraints associated with
their priors.

We determine an observed limit of B(t — Zq) < 3.2%,
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Figure 3: Hr distribution of data, FCNC t¢ signal, and ex-
pected background for events with (a) njee = 0, (b) njet = 1,
and (c) njet > 2.

with an expected limit of < 3.8% at the 95% C.L. The
limits on the branching ratio are converted to limits at
the 95% C.L. on the FCNC vector, v;,z, and axial vec-
tor, aiyz, couplings as defined in Eq. [I] using the rela-
tion given in ﬂ%] This can be done for any point in the
(vtqz, aiqz) parameter space and for different quark fla-
vors (u,c) since the differences in the helicity structure
of the couplings are covered as systematic uncertainties
in the limit on the branching ratio. Assuming only one
non-vanishing v,z coupling (ayqz = 0), we derive an
observed (expected) limit of vz < 0.19 (< 0.21) for
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Figure 4: (a) m{* distribution of data, FCNC #{ signal, and
expected background for events with mjer > 1; (b) mi* vs.
Hr distribution of data, FCNC ¢t signal, and background for

events with njey > 1.

my = 172.5 GeV. This limit also holds assuming only
one non-vanishing a;,z coupling. Figure [blshows current
limits from experiments at the LEP, HERA, and Teva-
tron colliders as a function of the FCNC couplings xu
(defined in Ref. [7]) and vy, z for m; = 175 GeV.

In summary, we have presented a search for top quark
decays via FCNC in t events leading to final states in-
volving three leptons, an imbalance in transverse momen-
tum, and jets. These final states have been explored for
the first time in the context of FCNC couplings. In the
absence of signal, we expect a limit of B(t — Zq) < 3.8%
and set a limit of B(t — Zq) < 3.2% at the 95% C.L.
which is currently the world’s best limit. This trans-
lates into an observed limit on the FCNC coupling of
Viqz < 0.19 for my = 172.5 GeV.

We thank the staffs at Fermilab and collaborating
institutions, and acknowledge support from the DOE
and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (In-
dia); Colciencias (Colombia); CONACyT (Mexico); KRF
and KOSEF (Korea); CONICET and UBACyT (Ar-
gentina); FOM (The Netherlands); STFC and the Royal



1—
— B ZEUS
>'§' B excluded at 95% C.L.
- 0.8_— m, = 175 GeV,0,. = 6.90 pb
~- a[uZ th ath tcy =0
0.6
- D@, L=4.1fb"
A
0 S T |_3
COF [} e
0.2 /
O B L1 11 I L_1_1 %// %
0 0.1 0.4 0.5
|Ktuy|

Figure 5: Upper limits at the 95% C.L. on the anomalous
Kiuy and veuz couplings assuming my = 175 GeV. Both DO
and CDF limits on vz are scaled to the SM cross section
of 0,7 = 6.90 pb m] Anomalous axial vector couplings and
couplings of the charm quark are neglected: atnz = vicz =
atcz = Kiey = 0. The scale parameter for the anomalous
dimension-5 coupling K¢u~y is set to A = my = 175 GeV HE]
Any dependence of the Tevatron limits on k¢u is not dis-
played as the change is small and at most 6% for K,y = 0.5.
The domain excluded by DO is represented by the light (blue)
shaded area. The hatched area corresponds to the additional
domain excluded at HERA by the H1 experiment [16]. Also
shown are upper limits obtained at LEP by the L3 exper-
iment ‘g] (green dashed), at HERA by the ZEUS experi-
ment |17] (grey dashed), and at the Tevatron by the CDF
experiment @7 @] (magenta dashed). The region above or
to the right of the respective lines is excluded.

Society (United Kingdom); MSMT and GACR (Czech
Republic); CRC Program and NSERC (Canada); BMBF
and DFG (Germany); SFI (Ireland); The Swedish Re-
search Council (Sweden); and CAS and CNSF (China).

[1] H. Fritzsch, Phys. Lett., B 224, 423 (1989).

[2] H. Fritzsch, Phys. Lett. B 224, 423 (1989).

[3] K. Nakamura et al. (Particle Data Group), J. Phys. G
37, 075021 (2010).

[4] J. A. Aguilar-Saavedra, Acta Phys. Polon. B 35, 2695
(2004).

[5] F. Larios, R. Martinez and M. A. Perez, Phys. Rev. D
72, 057504 (2005).

[6] P. M. Ferreira, R. B. Guedes and R. Santos, Phys. Rev.
D 77, 114008 (2008).

[7] T. Han and J. L. Hewett, Phys. Rev. D 60, 074015
(1999).

[8] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D
79, 011104(R) (2009).

[9] J. T. Wei, P. Chang et al. [BELLE Collaboration], Phys.
Rev. Lett. 103, 171801 (2009).

[10] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 79,
031102(R) (2009).

[11] S. Adler et al. [E949 Collaboration], Phys. Rev. D 77,

052003 (2008).

[12] V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett.
100, 101801 (2008).

[13] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370
(1999).

[14] S. Casagande et al., J. High Energy Phys. 10, 094 (2008).

[15] P. Achard et al. [L3 Collaboration], Phys. Lett. B 549,
290 (2002); J. Abdallah et al. [DELPHI Collaboration],
Phys. Lett. B 590, 21 (2004); A. Heister et al. [ALEPH
Collaboration], Phys. Lett. B 543, 173 (2002); G. Abbi-
endi et al. [OPAL Collaboration], Phys. Lett. B 521, 181
(2001).

[16] F. D. Aaron et al. [H1 Collaboration], Phys. Lett. B 678,
450 (2009).

[17] S. Chekanov et al. [ZEUS Collaboration], Phys. Lett. B
559, 153 (2003).

[18] F. Abe et al., Phys. Rev. Lett. 80, 2525 (1998).

[19] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett.
101, 192002 (2008).



[20] V. M. Abazov et al. [DO Collaboration], Phys. Lett. B
693, 81 (2010).

[21] V. M. Abazov et al. [DO Collaboration], Phys. Lett. B
695, 67 (2011).

[22] V. M. Abazov et al. [DO Collaboration]|, Nucl. Instrum.
Methods Phys. Res. A 565, 463 (2006).

[23] G. C. Blazey et al., in Proceedings of the Workshop:
“QCD and Weak Boson Physics in Run II,” edited by
U. Baur, R. K. Ellis, and D. Zeppenfeld, (Fermilab,
Batavia, IL, 2000) p. 47; see Sec. 3.5 for details.

[24] T. Sjostrand, S. Mrenna, and P. Skands, J. High En-
ergy Phys. 05, 026 (2006); we used V6.419 and tune A.

[25] M. L. Mangano et al., J. High Energy Phys. 07, 1 (2003).

[26] S. Moch and P. Uwer, Phys. Rev. D 78, 034003 (2008).

10

[27] CDF and DO Collaborations, [arXiv:1007.3178! [hep-ex].

[28] GEANT Detector Description and Simulation Tool,
CERN Program Library Long Writeup W5013.

[29] E. Boos et al. [CompHEP Collaboration], Nucl. Instrum.
Meth. A 534, 250 (2004).

[30] U. Baur and E. Berger, Phys. Rev. D 47, 4889 (1993).

[31] J. M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
(1999).

[32] T. Andeen et al., FERMILAB-TM-2365 (2007).

[33] T. Junk, Nucl. Instrum. Methods in Phys. Res. A 434,
435 (1999); A. Read, in ”1st Workshop on Confidence
Limits,” CERN Report No. CERN-2000-005, 2000.

[34] W. Fisher, FERMILAB-TM-2386-E.


http://arxiv.org/abs/1007.3178

	 References

