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and University of Toronto, Toronto M5S 1A7, Canada
33University of Michigan, Ann Arbor, Michigan 48109, USA

34Michigan State University, East Lansing, Michigan 48824, USA
35Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia

36University of New Mexico, Albuquerque, New Mexico 87131, USA
37Northwestern University, Evanston, Illinois 60208, USA
38The Ohio State University, Columbus, Ohio 43210, USA

39Okayama University, Okayama 700-8530, Japan
40Osaka City University, Osaka 588, Japan

41University of Oxford, Oxford OX1 3RH, United Kingdom
42University of Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, I-35131 Padova, Italy

43University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
44Istituto Nazionale di Fisica Nucleare Pisa, Universities of Pisa, Siena and Scuola Normale Superiore, I-56127 Pisa, Italy

45University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
46Purdue University, West Lafayette, Indiana 47907, USA

47University of Rochester, Rochester, New York 14627, USA
48The Rockefeller University, New York, New York 10021, USA

49Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, University di Roma ‘‘La Sapienza’’, I-00185 Roma, Italy
50Rutgers University, Piscataway, New Jersey 08855, USA

51Texas A&M University, College Station, Texas 77843, USA
52Texas Tech University, Lubbock, Texas 79409, USA

53Istituto Nazionale di Fisica Nucleare, University of Trieste/Udine, Italy
54University of Tsukuba, Tsukuba, Ibaraki 305, Japan

55Tufts University, Medford, Massachusetts 02155, USA
56Waseda University, Tokyo 169, Japan

57Wayne State University, Detroit, Michigan 48201, USA
58University of Wisconsin, Madison, Wisconsin 53706, USA

59Yale University, New Haven, Connecticut 06520, USA
(Received 17 June 2005; published 21 September 2005)

We present the results of a search for anomalous resonant production of tau lepton pairs with large
invariant mass, the first such search using the CDF II Detector in Run II of the Tevatron p �p collider. Such
anomalous production could arise from various new physics processes. In a data sample corresponding to
195 pb�1 of integrated luminosity we predict 2:8� 0:5 events from standard model background processes
and observe 4. We use this result to set limits on the production of heavy scalar and vector particles
decaying to tau lepton pairs.

DOI: 10.1103/PhysRevLett.95.131801 PACS numbers: 13.85.Qk, 12.60.Cn, 14.60.Fg, 14.80.Cp

At the Fermilab Tevatron p �p collider, a number of non-
standard-model physics processes can lead to events with
high-mass tau lepton pairs in the final state. Examples
include the resonant production of Higgs scalars in two-
Higgs-doublet models [1] at large tan�, the ratio of the
vacuum expectation value of the two doublets. Two Higgs
doublets are required, for example, in the minimal super-
symmetric standard model [2], a favored candidate for
extending the standard model. The heavy scalar and pseu-

doscalar Higgs bosons in this theory would decay to tau
pairs about 9% of the time. Also, in supersymmetry, if R
parity is not conserved, heavy scalar neutrino production
could have tau pair decay modes [3]. If there are heavy Z0

bosons, these could also produce high-mass tau pairs in the
final state, possibly even with enhanced tau couplings [4].
With the large new data sample from Run II of the Tevatron
it is thus of great interest to perform a generic search for
high-mass tau pairs.
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This Letter presents the results of a search for high-mass
tau pairs performed using CDF II, the upgraded Collider
Detector at Fermilab (CDF) [5]. In 2002 and 2003 CDF
recorded a data sample corresponding to 195 pb�1 of
integrated luminosity of p �p collisions at a center of mass
energy of 1.96 TeV. This is the first such search with the
new high-statistics data sample [6] and new tau identifica-
tion techniques.

Since the tau lepton decays to lighter leptons (e or �)
about 35% of the time, and to low-multiplicity hadronic
states the rest of the time, this analysis selects events with
one identified hadronic tau decay (�h) and one other tau
decay in the final state. Thus, there are three distinct final
states, which we denote e�h, ��h, and �h�h. The main
background to this search comes from Drell-Yan (DY)
Z=�� ! ���� production. Since we seek new particles
with mass much larger than that of the Z, we use the
observed rate for this background (at smaller tau pair
masses) as a control sample, and define the signal region
as that where the tau pairs have large visible invariant
mass, with missing energy due to the neutrinos from the
tau decays.

CDF II is a large general purpose detector with an
overall cylindrical geometry surrounding the p �p interac-
tion region [7]. The three-dimensional trajectories of
charged particles produced in p �p collisions are measured
starting at radii of 1.5 cm with multiple layers of silicon
microstrip detectors, and are measured at outer radii with
an axial-stereo wire drift chamber (COT). The tracking
system lies inside a uniform 1.4 T magnetic field produced
by a superconducting solenoid, with the field oriented
along the beam direction. Outside the solenoid lie the
electromagnetic calorimeter and the hadronic calorimeters,
which are segmented in pseudorapidity (�) [8] and azi-
muth in a projective ‘‘tower’’ geometry. A set of strip-wire
chambers (CES) located at a depth of six radiation lengths
aids in reconstructing photons and electrons from the
shower shape. Muons are identified by a system of drift
chambers placed outside the calorimeter steel, which acts
as an absorber for hadrons. The integrated luminosity of
the p �p collisions is measured to an accuracy of 6% using
the Cherenkov luminosity counters [9].

The e�h and ��h events of interest are recorded using
triggers designed to select ‘‘lepton plus track’’ events:
those with an e or � with transverse momentum (pT)
greater than 8 GeV=c and another charged track with pT >
5 GeV=c identified by the extremely fast tracker (XFT)
portion of the trigger electronics [10] which reconstructs
charged tracks in the COT. The efficiency of this trigger is
measured using leptons from Z boson decays, the � reso-
nance, and photon conversions [11].

For selecting �h�h events we use a trigger designed to
select at least one hadronically decaying tau with ET >
20 GeV accompanied by at least 25 GeV missing energy in
the plane transverse to the beam direction ( 6ET). The tau is

identified by matching an XFT track with pT > 5 GeV=c
to a calorimeter cluster. Data used from this trigger come
from a sample corresponding to the first 72 pb�1 of inte-
grated luminosity recorded; this is less than that of the rest
of the data used because of subsequent changes due to rate
limitations.

Events selected by the triggers were recorded and pro-
cessed later to reconstruct charged particle tracks, calo-
rimeter clusters, and to identify electrons, muons, photons,
jets, and 6ET . Electrons and muons are reconstructed using
algorithms described in Ref. [7]. Identification of hadronic
decays of taus employs a novel ‘‘shrinking cone’’ algo-
rithm based on high-pT charged tracks in the silicon-COT
system, and �0 candidates identified using the CES by
matching strip clusters with wire clusters based on the
energy in each.

The �h identification algorithm begins with a list of
‘‘seed tracks’’ ranked in pT , not yet used for another tau
candidate, and having pT > 6 GeV=c. Then it finds the
number of other tracks with pT > 1 GeV=c and �0 candi-
dates with at least 1 GeV whose momentum vector makes
an angle of less than �with the seed track. The angle � is a
function of Eclu, the energy in the calorimeter cluster
associated with the seed track. The value of � is 10� or
�5 GeV�=Eclu radians, whichever is less. To allow for
resolution effects, the value of � is not less than
100 mrad for �0 candidates, or 50 mrad for charged tracks.
If any other tracks or �0 candidates have an angle greater
than � but less than 30� to the seed track, or if the invari-
ant mass calculated from the sum of all charged track
and �0 candidate four-momenta exceeds 1:8 GeV=c2,
the �h candidate is rejected. Also, if there is at least
2 GeV of electromagnetic energy in calorimeter towers

not part of the tau cluster, and whose centers have �R �
���������������������������������
����2 � ����2

p
< 0:4 from the tau seed track direction,

the tau candidate is rejected. Candidates with momentum
having an angle of less than 10� with that of a previously
identified e or� are rejected. The algorithm then considers
further possible seed tracks, repeating the process until
none remain.

The main challenge comes from the large production
rate of hadronic jets, which can be misidentified as �h.
Using the selection described above, Fig. 1 shows the
efficiency for real hadronically decaying taus with j�j<
1 to be reconstructed as �h, using the simulation discussed
below. The figure also shows the jet ! �h ‘‘fake’’ proba-
bility that hadronic jets are misidentified as hadronic tau
decays. These jets, reconstructed in a cone size of �R �
0:7, come from events recorded with triggers requiring
various thresholds for calorimeter cluster energy.

To discriminate against background, for the e�h (��h)
channel the electron (muon) must have a transverse energy
of at least 10 GeV, the �h must have ET > 25 GeV, and the
event must have 6ET > 15 GeV. For the �h�h channel, one
�h must have ET greater than 25 GeV, and the other must
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have at least 10 GeV. The azimuthal angle between the 6ET
vector and the e or � (in e�h or ��h events) or the less
energetic of the two in �h�h events must be less than 30�.

For all events selected by the above cuts we calculate the
‘‘visible mass’’ (mvis) by adding the measured four-
momenta of the two identified tau decay products in the
event to the missing transverse energy four-momentum
(for which the z component is taken as zero), and then
calculating the invariant mass of the sum. This quantity
efficiently distinguishes between lower-mass production of
tau pairs (mainly from Z boson decays) and high-mass tau
pairs from possible new massive resonant particle
production.

The main source of events expected in the selected
sample is DY production of Z=�� decaying to lepton pair
final states, and of these, tau pair production predominates.
The production cross section times branching ratio to pairs
of each charged lepton species for DY Z=�� is assumed to
be 250 pb [12] in the mass range 66–116 GeV=c2. For the
DY process and for the possible new physics processes
discussed below, we simulate the production and decay
using the PYTHIA 6.215 Monte Carlo program [13] with
CTEQ5L parton distribution functions (PDF’s) [14], with
tau decays simulated by TAUOLA [15]. Acceptance and
resolution effects come from the full CDF II detector
simulation.

The second largest source of events passing our selec-
tion criteria is hadronic jets which are misidentified as a �h,
for example, from events with a W boson decaying to a
charged lepton and a neutrino plus a jet which passes the �h
identification criteria. The estimated number of expected
events comes from applying the jet! �h fake rates to jets
in events passing the trigger and other requirements, ex-
cluding the �h identification.

TABLE I. Mean expected numbers of events in the control
region (mvis < 120 GeV=c2), compared with the numbers ob-
served. The uncertainties listed include both statistical and
systematic effects.

Source e�h ��h �h�h Total

Z=�� ! e�e� 0:1� 0:1 . . . . . . 0:1� 0:1
Z=�� ! ���� . . . 0:5� 0:3 . . . 0:5� 0:3
Z=�� ! ���� 45� 7 38� 6 4:2� 0:8 88� 12

jet ! �h 4� 1 4� 1 3:2� 0:6 11� 2

Total expected 49� 7 43� 6 7:4� 1:0 99� 13

Observed 46 36 8 90
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FIG. 2. Distribution of visible mass (mvis) for data (points) and
predicted backgrounds (shaded histograms) in the signal and
control regions. The dashed histogram shows the distribution
expected for a pseudoscalar Higgs A, with mA � 250 GeV=c2

and tan� � 20, with the normalization increased by 1000. There
are no observed events with mvis > 200 GeV=c2.
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FIG. 1. Identification efficiency (top) and jet ! �h probability
(bottom) as a function of generated tau visible decay product
energy and measured jet energy, respectively. The top plot, based
on simulation, shows the probability that true hadronically
decaying taus are identified as �h using the selection in the
text. The lower plot shows the probability that hadronic jets in
the range j�j< 1 are misidentified as �h, as a function of jet
calorimeter cluster energy. The error bars indicate the statistical
uncertainties.

TABLE II. Mean expected numbers of events in the signal
region (mvis > 120 GeV=c2), compared with the numbers ob-
served. (The numbers shown are rounded after adding.) The un-
certainties listed include both statistical and systematic effects.

Source e�h ��h �h�h Total

Z=�� ! e�e� 0:2� 0:1 . . . . . . 0:2� 0:1
Z=�� ! ���� . . . 0:5� 0:3 . . . 0:5� 0:3
Z=�� ! ���� 0:6� 0:1 0:5� 0:1 0:4� 0:1 1:4� 0:3

jet ! �h 0:3� 0:1 0:2� 0:1 0:3� 0:1 0:8� 0:2

Total expected 1:0� 0:2 1:2� 0:3 0:6� 0:1 2:8� 0:5

Observed 4 0 0 4
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Various systematic uncertainties affect the predicted
number of signal and background events. The largest is
due to imperfect modeling of the tau identification effi-
ciency. We perform a cross check of this efficiency using
W ! �	 events recorded in the first 72 pb�1. Assuming a
production cross section times branching ratio to �	 of
2688 pb [12], this check yields a multiplicative factor of
0:97� 0:10, which is incorporated into the acceptance
calculation in the simulation. The 10% uncertainty in this
factor, which affects each identified �h in the selected
sample, includes the trigger efficiency uncertainty.

The uncertainties in the e and � identification and
trigger efficiency, of 4% for e and 5.5% for �, come
from studies described elsewhere [5].

The jet ! �h fake background estimate has a 20% un-
certainty reflecting the variation in the fake rate among the
different trigger samples.

A 6% uncertainty due to imperfect modeling of the 6ET
comes from studies of transverse energy balancing in
events with high energy jets recoiling against high energy
photons.

Imperfect knowledge of the PDF’s leads to an 8% un-
certainty in the DY and any new physics signal accep-
tances. The uncertainty is estimated from the variation of
the acceptance using different PDF sets.

Table I summarizes the expected number of events by
source for each channel, and shows the observed number of
events in each search channel, for the control region domi-
nated by Z boson decay (mvis < 120 GeV=c2). The ob-
served number is in good agreement with that expected.
This gives confidence that the estimated efficiencies and

background rates are well understood, and we proceed to
examine the signal region.

Table II shows, for each search channel, the numbers of
events expected and the uncertainty for each background
source in the signal region (mvis > 120 GeV=c2). We ob-
serve four e�h events, and no ��h or �h�h events. Given
the uncertainties shown in the table, the observed number
of events is in good agreement with that expected.

Figure 2 shows the distribution of visible mass in the
signal and control regions, for the observed events and the
predicted background. The distribution of the masses of the
four events in the signal region is consistent with that
expected from background.

Since we observe no significant excess rate of high-mass
tau pair production, we determine upper bounds on the
production cross section times branching ratio to tau pairs
of hypothetical scalar and vector particles. As a general
model for the acceptance for scalar particle production we
use pseudoscalar Higgs boson (A) production, and for
vector particle production we use a Z0 boson. The accep-
tance for both increases from near zero at masses of
100 GeV=c2 to about 4% at high masses (500 GeV=c2 or
more).

To determine the upper bounds on the cross section
times branching ratio we form a likelihood from the joint
Poisson probability of all search channel results, and use a
Bayesian method to incorporate the effects of systematic
uncertainties, which are represented by truncated Gaussian
prior probability densities, including correlations. The
likelihood is converted to a posterior probability density
in the signal cross section using Bayes theorem, assuming a
prior in the signal rate which is uniform up to some high
cutoff. The 95% C.L. upper limit comes from the integral
of the posterior density.

Figure 3 shows the 95% C.L. upper bound on the cross
section times branching ratio to tau pairs for scalar and
vector particle production. Table III lists the upper limits
on the production rate of scalar and vector particles as a
function of mass. As an example of the sensitivity, these
results would rule out a Z0 with standard model cou-
plings having a mass less than 399 GeV=c2, as indicated
by the curve of cross section times branching ratio in the
figure. The figure also shows the case of R-parity-violating
scalar neutrino production and decay to tau pairs; this
analysis, as an example, excludes a 377 GeV=c2 scalar
neutrino having coupling 
0 to d �d and branching ratio B
to tau pairs such that 
02B � 0:01. In general the limits are
readily interpreted within the context of new physics mod-
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FIG. 3. Upper limits at 95% C.L. on the production cross
section times branching ratio to tau pairs of scalar and vector
particles, as a function of particle mass. The figure also shows
the cross section times tau pair branching ratio for scalar
neutrinos and sequential Z0 bosons.

TABLE III. The 95% C.L. upper limits on scalar and vector particle production and decay to tau pairs.

Mass (GeV=c2) 120 140 160 180 200 250 300 350 400 450 500 600

Scalar limit (pb) 87.3 17.9 7.00 4.23 3.19 2.19 1.76 1.54 1.40 1.33 1.29 1.17
Vector limit (pb) 122 18.9 9.45 6.07 4.19 2.64 2.00 1.76 1.54 1.44 1.30 1.24
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els in which new scalar or vector particles decay to tau
lepton pairs.
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