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Y. J. Lee,28 S.W. Lee,53,o R. Lefèvre,20 N. Leonardo,33 S. Leone,46 S. Levy,13 J. D. Lewis,17 C. Lin,60 C. S. Lin,17

M. Lindgren,17 E. Lipeles,9 A. Lister,7 D.O. Litvintsev,17 T. Liu,17 N. S. Lockyer,45 A. Loginov,60 M. Loreti,43 R.-S. Lu,1

D. Lucchesi,43 P. Lujan,29 P. Lukens,17 G. Lungu,18 L. Lyons,42 J. Lys,29 R. Lysak,14 E. Lytken,48 P. Mack,26

D. MacQueen,34 R. Madrak,17 K. Maeshima,17 K. Makhoul,33 T. Maki,23 P. Maksimovic,25 S. Malde,42 S. Malik,31

G. Manca,30 A. Manousakis,15,a F. Margaroli,5 R. Marginean,17 C. Marino,26 C. P. Marino,24 A. Martin,60 M. Martin,25

V. Martin,21,g M. Martı́nez,3 R. Martı́nez-Balları́n,32 T. Maruyama,55 P. Mastrandrea,51 T. Masubuchi,55 H. Matsunaga,55

M. E. Mattson,58 R. Mazini,34 P. Mazzanti,5 K. S. McFarland,49 P. McIntyre,53 R. McNulty,30,f A. Mehta,30 P. Mehtala,23

S. Menzemer,11,h A. Menzione,46 P. Merkel,48 C. Mesropian,50 A. Messina,36 T. Miao,17 N. Miladinovic,6 J. Miles,33

R. Miller,36 C. Mills,10 M. Milnik,26 A. Mitra,1 G. Mitselmakher,18 A. Miyamoto,27 S. Moed,20 N. Moggi,5 B. Mohr,8

C. S. Moon,28 R. Moore,17 M. Morello,46 P. Movilla Fernandez,29 J. Mülmenstädt,29 A. Mukherjee,17 Th. Muller,26
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and University of Toronto, Toronto, Canada M5S 1A7
35University of Michigan, Ann Arbor, Michigan 48109, USA

36Michigan State University, East Lansing, Michigan 48824, USA
37University of New Mexico, Albuquerque, New Mexico 87131, USA

38Northwestern University, Evanston, Illinois 60208, USA
39The Ohio State University, Columbus, Ohio 43210, USA

40Okayama University, Okayama 700-8530, Japan
41Osaka City University, Osaka 588, Japan

42University of Oxford, Oxford OX1 3RH, United Kingdom
43University of Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, I-35131 Padova, Italy

44LPNHE, Universite Pierre et Marie Curie/ IN2P3-CNRS, UMR7585, Paris, F-75252 France
45University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

46Istituto Nazionale di Fisica Nucleare Pisa, Universities of Pisa, Siena and Scuola Normale Superiore, I-56127 Pisa, Italy
47University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

48Purdue University, West Lafayette, Indiana 47907, USA
49University of Rochester, Rochester, New York 14627, USA

50The Rockefeller University, New York, New York 10021, USA
51Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, University of Rome ‘‘La Sapienza,’’ I-00185 Roma, Italy

52Rutgers University, Piscataway, New Jersey 08855, USA
53Texas A&M University, College Station, Texas 77843, USA

54Istituto Nazionale di Fisica Nucleare, University of Trieste/Udine, Italy
55University of Tsukuba, Tsukuba, Ibaraki 305, Japan
56Tufts University, Medford, Massachusetts 02155, USA

57Waseda University, Tokyo 169, Japan
58Wayne State University, Detroit, Michigan 48201, USA
59University of Wisconsin, Madison, Wisconsin 53706

60Yale University, New Haven, Connecticut 06520, USA
(Received 15 June 2007; published 30 May 2008)

We search for a third generation vector leptoquark (VLQ3) that decays to a b quark and tau lepton using

the CDF II detector and 320 pb�1 of integrated luminosity from the Fermilab Tevatron. Observing a

number of events in agreement with standard model expectations, we obtain, assuming Yang-Mills
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(minimal) couplings, the most stringent upper limit on the VLQ3 pair production cross section of 344 fb

(493 fb) and lower limit on the VLQ3 mass of 317 GeV=c2 (251 GeV=c2) at 95% C.L.

DOI: 10.1103/PhysRevD.77.091105 PACS numbers: 14.80.�j, 13.85.Rm

Despite its extraordinary success, the standard model
(SM) of elementary particles has structural deficiencies.
The parallels between the families of quarks and leptons
suggest a possible link between these two sectors at higher
mass scales. Leptoquarks, therefore, have been proposed as
fractionally charged color-triplet bosons carrying both lep-
ton and baryon quantum numbers. Leptoquarks appear in a
wide range of models, including SU(5) grand unification
[1], superstrings [2], SU(4) Pati-Salam [3], and composite-
ness models [4].

The various leptoquark states are classified according to
the quantum numbers of SM gauge group interactions [5].
At the Tevatron collider, these states would be predomi-
nantly pair-produced through quark antiquark annihilation.
In general, larger cross sections, and thus better search
sensitivities, are predicted for vector (spin 1) than for scalar
leptoquarks [6].

We search for third generation vector leptoquark
(VLQ3) pair production, and assume each VLQ3 decays
promptly to a b quark and a tau lepton. As the trilinear and
quartic couplings between vector leptoquarks and gluons
can have model-dependent ‘‘anomalous’’ contributions, we
examine two scenarios: one with Yang-Mills couplings,
where vector leptoquarks are fundamental gauge bosons
of an extended gauge group, and the other with minimal
anomalous couplings [6,7]. Previous VLQ3 searches have
been carried out in experiments at p �p, eþe�, and ep
colliders [8–11]. Our new results substantially extend the
reach beyond the previous limits.

The results reported in this paper are obtained from
320 pb�1 of integrated luminosity collected between
March 2002 and August 2004 by the CDF II detector
[12], operating at the Tevatron p �p collider. CDF II is a
general-purpose particle detector and has a solenoidal
charged particle spectrometer, consisting of 7–8 layers of
silicon microstrip detectors and a cylindrical drift chamber
immersed in a 1.4 T magnetic field, segmented sampling
electromagnetic (EM) and hadronic calorimeters, and a set
of charged particle detectors outside the calorimeters used
to identify muon candidates. We use a cylindrical coordi-
nate system with the z axis along the beam axis, polar angle
�, azimuthal angle �, and pseudorapidity � �
� ln tanð�=2Þ. We define pT � p sin� and ET � E sin�,
where p is the momentum measured by the tracking cham-
bers and E is the energy measured by the calorimeters.

This search assumes a branching ratio � � BðVLQ3 !
b�Þ ¼ 1, and considers a signature where the decay prod-
ucts of the VLQ3 pair, �þ��b �b, yield two jets from the b
quarks, an electron or muon from a leptonically decaying
tau, and a hadronically decaying tau (�h). We do not

attempt to identify the jets as originating from b quarks,
as this degrades the search sensitivity. A three-level trigger
system selects events with lepton candidates and charged
tracks [13]. These events are then classified as e�h or ��h
based on the flavor of the leptonic tau decay.
Selected events are required to contain at least one well-

identified electron (muon) candidate that passes fully
through the fiducial volume of the cylindrical drift cham-
ber, with transverse energy (momentum) ET > 10 GeV
(pT > 10 GeV=c). To reduce the background due to multi-
jet quantum chromodynamics (QCD) events, an isolation
requirement is imposed upon the electron or muon candi-
date. Specifically, the sum of the pT of all additional tracks
within a cone in��� space of�R< 0:4 around the track
direction of the candidate is required to be less than

2 GeV=c, where �R � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
.

Hadronic tau candidates are formed by matching narrow
clusters of calorimeter towers with tracks [14]. Tracks and
�0 candidates are included within the tau candidate if they
are within an angle !max from the highest pT track asso-
ciated with the �h, where !max depends on the total cluster
energy and ranges from 0.05 to 0.17 rad. Tau candidates
with one or three tracks are considered. We reconstruct the
�0 candidates as single narrow clusters in a set of strip and
wire chambers embedded in the EM calorimeter at the
depth where the longitudinal development of EM showers
is expected to be maximal. The �h candidates are required
to have j�j< 1:0 and ET > 15 GeV. The region between
the tau selection cone and a larger 0.52 rad cone serves as
an isolation annulus that contains no tracks with pT >
1 GeV=c and in which the summed ET of all �0 mesons
must be less than 0.6 GeV.
To ensure efficient event reconstruction, the electron or

muon candidate (‘) direction must be separated from the
hadronic tau candidate direction by �Rð�h; ‘Þ> 0:7. Jet
candidates, with ET > 15 GeV, are identified in the region
j�j< 2:4 and are required to be separated from the lepton
and tau candidates by �Rð‘=�h; jetÞ> 0:8.
There are a number of SM processes which can mimic

the VLQ3 signal. The first category consists of background
processes which contain a real e�h or��h plus at least two
jets. The primary processes are Z0=�� ! �� plus at least
two jets, and t�t ! WbWb, where one W yields a hadronic
tau via W ! �	�, the other W similarly yields an electron
(muon) or leptonically decaying tau, and the two b quarks
give jets.
The second category of backgrounds consists of those

that include misidentified final state particles. These in-
clude t�t ! WbWb, where a jet from a hadronic W decay
can be misidentified as an electron (muon). The processes
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t�t ! WbWb, Z0=�� ! eþe� plus jets, and Z0=�� !
�þ�� plus jets also contribute as backgrounds when an
electron (muon) or jet is misidentified as the �h. Events
with W plus jets can pass the selection if one of at least
three jets is misidentified as the �h. Contributions from
diboson channels (WW, WZ, and ZZ) plus jets are negli-
gible. The above contributions and their uncertainties are
estimated using PYTHIA [15] Monte Carlo simulation and
GEANT [16] CDF II detector simulation. Background from

multijet QCD can contribute when jets from quarks are
misidentified as an electron (muon) or �h. Photon plus jets
background enters when high-pT photons convert within
the detector and at least one of the resulting electrons
appears as a primary electron candidate, while a jet is
misidentified as the �h. Contributions from both of these
sources are estimated directly from the data, using methods
described elsewhere [14].

Further event selection reduces the backgrounds.
Backgrounds associated with misidentification are reduced
by approximately one-half through a requirement of oppo-
sitely charged electron (muon) and �h candidates, where
the charge of the �h candidate is defined as the sum of the
charges of all constituent tracks. Events consistent with
photon conversions and cosmic rays are removed. To re-
duce contributions from Z boson production, events are
rejected if 76<mð‘; XÞ< 106 GeV=c2, where X can be
the tau candidate or a second electron candidate in the e�h
channel, or a second muon candidate in the ��h channel.

We require E6 T > 10 GeV, where E6 T ¼ j ~E6 Tj [17]. This
requirement reduces backgrounds from Z0=�� ! �þ��
and multijet QCD processes and is nearly 100% efficient
for the signal process. We define HT as the scalar sum of
electron (muon) candidate ET , tau candidate ET , event E6 T ,
and the transverse energies of the two highest ET jet
candidates. The requirements on HT are given below.
The final selection requirement is that the event must
contain two or more jets.

To simulate VLQ3 pair production and decay [18], we
have added the production and decay processes to the
GRACE [19] matrix element event generator, which calcu-

lates amplitudes, and to the GR@PPA [20] interface, which
speeds up computations of the interactions of the primary

hadrons. In addition to providing the theoretical cross
section, these programs yield events that are processed
through TAUOLA [21] to simulate tau decays, PYTHIA [15]
to simulate parton showering, fragmentation, and addi-
tional particle decays, and GEANT [16] for the full CDF II
detector simulation. For the first time, this framework
includes helicity amplitudes for the full matrix element at
tree level and propagation of helicity information from the
leptoquarks to the tau decay products. We use the parton
distribution functions (PDFs) CTEQ5L [22], which we
evaluate at an energy scale Q2 ¼ mVLQ3. The absence of

higher orders in our theoretical cross section calculation
likely results in conservative limits.
We determine total selection efficiencies, including fac-

tors for triggering, geometrical and kinematic acceptance,
particle candidate identification and isolation, and back-
ground suppression criteria. The total efficiencies, aver-
aged between the e�h and ��h channels, range from about
2.2% (1.4%) to about 6.1% (5.9%) for Yang-Mills (mini-
mal) couplings over the mass range 160 GeV=c2 to
400 GeV=c2. The slightly higher acceptances for the
Yang-Mills couplings scenario are due to the fact that the
leptoquarks and decay products are more central in this
case than they are for the minimal couplings case. For the
example of mVLQ3 ¼ 320 GeV=c2 and Yang-Mills cou-

plings, the efficiencies for the e�h and ��h channels are
ð6:0� 0:1Þ% and ð6:1� 0:1Þ%, respectively.
We define two signal regions. In addition, three side-

band control regions in the plane of the number of jets
(Njets) versus HT are used to verify the expected composi-

tion of the backgrounds and the distributions for kinematic
quantities. The primary signal region (SRA) has Njets � 2

and HT > 400 GeV, and is sensitive to the highest mass
leptoquarks. The secondary signal region (SRB) has
Njets � 2 and 250<HT < 400 GeV, and adds sensitivity

to lower VLQ3masses (down to the previous mass limits).
The three control regions are called CR0J, CR1J, and
CR2J, where 0J, 1J, or 2J specifies the number of jets (0,
1, or � 2). Regions CR0J and CR1J include the HT range
HT > 80 GeV, while region CR2J is restricted to 80<
HT < 250 GeV. Table I shows the expected background
contributions in the control and signal regions, as well as

TABLE I. Numbers of events observed in data and estimates for the total background, for the
e�h and ��h channels, in the control regions (CR0J, CR1J, CR2J) and signal regions (SRB,
SRA). For the backgrounds, the statistical uncertainty is given first, followed by the systematic
uncertainty.

e�h ��h
Data Background Data Background

CR0J 129 122:1� 2:1� 11:3 129 147:1� 2:6� 12:3
CR1J 110 109:2� 2:3� 9:3 79 100:5� 2:5� 6:7
CR2J 36 33:4� 1:4� 4:8 26 30:6� 1:6� 3:8
SRB 5 3:3� 0:3� 0:5 3 2:2� 0:3� 0:3
SRA 0 0:3� 0:1� 0:1 0 0:2� 0:1� 0:1
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the number of events observed in all regions. The signal
regions are examined only after an a priori optimization of
the HT ranges that maximizes signal sensitivity. Control
region CR1J in the ��h channel contains the largest dif-
ference between the expected and observed number of
events, with a difference of 1.9 sigma. Figure 1 shows
the HT distributions for the e�h and ��h channels, and
includes the control region CR2J and the two signal
regions.

The dominant sources of systematic uncertainties on the
signal efficiencies are the amount of initial state radiation
(ISR) and final state radiation (FSR), the tau identification,
and the isolation requirements. The ISR and FSR uncer-
tainties, as evaluated by varying the amount of ISR and
FSR in simulation, are each approximately 3.7% of the
selection efficiency. The tau identification systematic un-
certainty, as measured using methods described elsewhere
[14], is 3.0% of the selection efficiency and is primarily
due to uncertainties in the response of the hadronic calo-
rimeter to charged tracks and uncertainties in the track
reconstruction efficiency. Uncertainty in simulating the

effect of the lepton isolation requirement is evaluated by
comparing the efficiency of this isolation requirement in
data and simulation. This yields a 3.0% uncertainty on the
selection efficiency. Additional sources of systematic un-
certainty on the signal efficiency are the choices of the
PDFs and the jet energy scale, as well as smaller contribu-
tions from the acceptance criteria, the electron (muon)
identification, and the E6 T simulation. The total systematic
uncertainty on signal efficiency ranges from 10.5%
(10.4%) for the e�h (��h) channel, for a VLQ3 with
mass mVLQ3 ¼ 160 GeV=c2, down to 7.0% (7.4%) for
mVLQ3 ¼ 400 GeV=c2. The systematic uncertainties on

the theoretical prediction of the VLQ3 pair production
cross section arise from the choices of PDFs and energy
scale Q2. These two contributions are combined in
quadrature.
A likelihood function is constructed using a Poisson

probability distribution of the expected rates of signal
plus backgrounds and observed number of events in each
channel and signal region. For each VLQ3 mass, the ex-
pected signal rates are functions of the VLQ3 pair produc-
tion cross section. The expected signal rates also include
factors for the branching ratios of leptonic and hadronic tau
decays, luminosity, and full selection efficiencies.
Systematic uncertainties, including 6% due to the luminos-
ity measurement (not included in Table I), are incorporated
into the fit. We apply Gaussian probabilities for the un-
certainties on the background estimates, and account for
correlations among different sources of systematic uncer-
tainties. To set cross section limits for each mass, we
integrate the likelihood distribution over all parameters
except the cross section, and then integrate as a function
of cross section from zero up to the cross section where the
integral reaches 0.95.
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FIG. 1 (color online). Distributions of HT for the (a) e�h
channel and (b) ��h channel, including one of the control
regions used for validation (80<HT < 250 GeV), and the
regions used for the search (HT > 250 GeV). The individual
background contributions are shown, as is a hypothetical signal
with mass mVLQ3 ¼ 320 GeV=c2, normalized to the data sam-

ple size.
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FIG. 2 (color online). The 95% C.L. upper limits on 
ðp �p !
VLQ3VLQ3Þ � �2 versus mass (lines with symbols), where
� � BðVLQ3 ! b�Þ. The theoretical expectations are shown
for the Yang-Mills (solid line) and minimal (dashed line) cou-
plings scenarios for the case � ¼ 1, with bands for uncertainties
due to the choices of PDFs and Q2. The dot-dashed and dotted
curves show the threshold effect when the VLQ3 ! 	�t channel
is open.
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The results are shown in Fig. 2, as a function of VLQ3
mass, along with the leading order theoretical predictions.
For a VLQ3with Yang-Mills couplings, at 95% confidence
level (C.L.), the upper limit on the cross section is 
<
344 fb, assumingB ¼ 1, and the lower limit on the mass is
mVLQ3 > 317 GeV=c2. With theoretical uncertainties in-

cluded on the predicted cross section, the results are 
<
354 fb and mVLQ3 > 303 GeV=c2. If decay to 	�t is al-

lowed [23,24], the mass limit ismVLQ3 > 299 GeV=c2. For

the minimal couplings model, the upper limit on the cross
section is 
< 493 fb and the lower limit on the mass is
mVLQ3 > 251 GeV=c2. With theoretical uncertainties in-

cluded on the predicted cross section, the results are 
<
555 fb and mVLQ3 > 235 GeV=c2. If decay to 	�t is al-

lowed, the mass limit is mVLQ3 > 238 GeV=c2. The mass

limits are approximately 80–90 GeV=c2 higher than those
of previous comparable results [8,9].

Using 320 pb�1 of luminosity at CDF II, we have
searched for VLQ3 pair production and subsequent decay
to two tau leptons and two jets. We observe no excess of
events beyond the expected SM processes and set the most
stringent limits to date on the VLQ3 mass and pair pro-

duction cross section in the context of two coupling
scenarios.
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European Community’s Human Potential Programme;
the Slovak R Agency; and the Academy of Finland.

[1] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

[2] J. L. Hewett and T. G. Rizzo, Phys. Rep. 183, 193 (1989).
[3] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
[4] B. Schrempp and F. Schrempp, Phys. Lett. 153B, 101

(1985).
[5] W. Buchmuller, R. Ruckl, and D. Wyler, Phys. Lett. B 191,

442 (1987).
[6] J. L. Hewett et al., in Proceedings of the Workshop on

Physics at Current Accelerators and Supercolliders,
Argonne National Lab, (Argonne Accel. Phys., Argonne,
Illinois, 1993), p. 539.

[7] J. Blumlein, E. Boos, and A. Kryukov, Z. Phys. C 76, 137
(1997).

[8] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 78,
2906 (1997).

[9] B. Abbott et al. (D0 Collaboration), Phys. Rev. Lett. 81, 38
(1998).

[10] G. Abbiendi et al. (OPAL Collaboration), Eur. Phys. J. C
31, 281 (2003).

[11] S. Aid et al. (H1 Collaboration), Phys. Lett. B 369, 173
(1996).

[12] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[13] A. Anastassov et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 518, 609 (2004).

[14] A. Abulencia et al. (CDF Collaboration), Phys. Rev. D 75,
092004 (2007).

[15] T. Sjostrand et al., Comput. Phys. Commun. 76, 361
(1993); arXiv:hep-ph/0108264. We use version 6.2.

[16] R. Brun and F. Carminati, CERN Programming Library
Long Writeup W5013 (1993).

[17] The missing transverse energy is defined by ~E6 T ¼
�P

iE
i
Tn̂i, where i ¼ calorimeter tower number with

j�j< 3:6 and n̂i is a unit vector perpendicular to the
beam axis and pointing at the ith calorimeter tower.

[18] B. C. Allanach et al., arXiv:hep-ph/0602198.
[19] Minami-Tateya Group, KEK Report No. 92-19, 1993; F.

Yuasa et al., Prog. Theor. Phys. Suppl. 138, 18 (2000).
[20] S. Tsuno, T. Kaneko, Y. Kurihara, S. Odaka, and K. Kato,

Comput. Phys. Commun. 175, 665 (2006).
[21] S. Jadach, J. H. Kuhn, and Z. Was, Comput. Phys.

Commun. 64, 275 (1991).
[22] J. Pumplin et al., J. High Energy Phys. 07 (2002) 012.
[23] In the case where decay to 	�t is allowed, the parameter �

can be written as ��b=ð��b þ �	�tÞ. The partial decay
widths are ��b ¼ p�2

4� ½2� ðm2
� þm2

bÞ=mVLQ3
2 � ðm2

� �
m2

bÞ2=mVLQ3
4 þ 6m�mb=mVLQ3

2� and �	�t ¼ p�2

8� �
½2� ðm2

	�
þm2

t Þ=mVLQ3
2 � ðm2

	�
�m2

t Þ2=mVLQ3
4�,

where � is the coupling constant with fermions and p is
the momentum of the relevant decay products in the center
of mass frame.

[24] Note that we do not include the decay of leptoquarks to
	�t in the background accounting. This leads to slightly
conservative limits in the case where decay to 	�t is
allowed.

SEARCH FOR THIRD GENERATION VECTOR . . . PHYSICAL REVIEW D 77, 091105(R) (2008)

RAPID COMMUNICATIONS

091105-7


