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L. Santi,54 S. Sarkar,51 L. Sartori,46 K. Sato,55 P. Savard,33 A. Savoy-Navarro,44 T. Scheidle,25 P. Schlabach,16

E. E. Schmidt,16 M. P. Schmidt,60 M. Schmitt,38 T. Schwarz,34 L. Scodellaro,11 A. L. Scott,10 A. Scribano,46 F. Scuri,46

A. Sedov,48 S. Seidel,37 Y. Seiya,41 A. Semenov,14 L. Sexton-Kennedy,16 I. Sfiligoi,18 M. D. Shapiro,28 T. Shears,29

P. F. Shepard,47 D. Sherman,21 M. Shimojima,55 M. Shochet,13 Y. Shon,59 I. Shreyber,36 A. Sidoti,44 P. Sinervo,33

A. Sisakyan,14 J. Sjolin,42 A. Skiba,25 A. J. Slaughter,16 K. Sliwa,56 J. R. Smith,7 F. D. Snider,16 R. Snihur,33

M. Soderberg,34 A. Soha,7 S. Somalwar,52 V. Sorin,35 J. Spalding,16 M. Spezziga,16 F. Spinella,46 T. Spreitzer,33

P. Squillacioti,46 M. Stanitzki,60 A. Staveris-Polykalas,46 R. St. Denis,20 B. Stelzer,8 O. Stelzer-Chilton,42 D. Stentz,38

J. Strologas,37 D. Stuart,10 J. S. Suh,27 A. Sukhanov,17 K. Sumorok,32 H. Sun,56 T. Suzuki,55 A. Taffard,23 R. Takashima,40

Y. Takeuchi,55 K. Takikawa,55 M. Tanaka,2 R. Tanaka,40 N. Tanimoto,40 M. Tecchio,34 P. K. Teng,1 K. Terashi,50

S. Tether,32 J. Thom,16 A. S. Thompson,16 E. Thomson,45 P. Tipton,49 V. Tiwari,12 S. Tkaczyk,16 D. Toback,53 S. Tokar,14

K. Tollefson,35 T. Tomura,55 D. Tonelli,46 M. Tönnesmann,35 S. Torre,18 D. Torretta,16 S. Tourneur,44 W. Trischuk,33

R. Tsuchiya,57 S. Tsuno,40 N. Turini,46 F. Ukegawa,55 T. Unverhau,20 S. Uozumi,55 D. Usynin,45 A. Vaiciulis,49

S. Vallecorsa,19 A. Varganov,34 E. Vataga,37 G. Velev,16 G. Veramendi,23 V. Veszpremi,48 R. Vidal,16 I. Vila,11 R. Vilar,11

T. Vine,30 I. Vollrath,33 I. Volobouev,28 G. Volpi,46 F. Würthwein,9 P. Wagner,53 R. G. Wagner,2 R. L. Wagner,16

W. Wagner,25 R. Wallny,8 T. Walter,25 Z. Wan,52 S. M. Wang,1 A. Warburton,33 S. Waschke,20 D. Waters,30

W. C. Wester III,16 B. Whitehouse,56 D. Whiteson,45 A. B. Wicklund,2 E. Wicklund,16 G. Williams,33 H. H. Williams,45

P. Wilson,16 B. L. Winer,39 P. Wittich,16 S. Wolbers,16 C. Wolfe,13 T. Wright,34 X. Wu,19 S. M. Wynne,29 A. Yagil,16

K. Yamamoto,41 J. Yamaoka,52 T. Yamashita,40 C. Yang,60 U. K. Yang,13 W. M. Yao,28 G. P. Yeh,16 J. Yoh,16 K. Yorita,13

T. Yoshida,41 G. B. Yu,49 I. Yu,27 S. S. Yu,16 J. C. Yun,16 L. Zanello,51 A. Zanetti,54 I. Zaw,21 F. Zetti,46 X. Zhang,23

J. Zhou,52 and S. Zucchelli5

(CDF Collaboration)

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
4Baylor University, Waco, Texas 76798, USA

5Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy
6Brandeis University, Waltham, Massachusetts 02254, USA

7University of California, Davis, Davis, California 95616, USA
8University of California, Los Angeles, Los Angeles, California 90024, USA

9University of California, San Diego, La Jolla, California 92093, USA
10University of California, Santa Barbara, Santa Barbara, California 93106, USA

11Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
12Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

13Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
14Joint Institute for Nuclear Research, RU-141980 Dubna, Russia

15Duke University, Durham, North Carolina 27708
16Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

17University of Florida, Gainesville, Florida 32611, USA
18Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

19University of Geneva, CH-1211 Geneva 4, Switzerland
20Glasgow University, Glasgow G12 8QQ, United Kingdom

21Harvard University, Cambridge, Massachusetts 02138, USA
22Division of High Energy Physics, Department of Physics, University of Helsinki and Helsinki Institute of Physics,

FIN-00014, Helsinki, Finland

PRL 97, 171802 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
27 OCTOBER 2006

171802-2



23University of Illinois, Urbana, Illinois 61801, USA
24The Johns Hopkins University, Baltimore, Maryland 21218, USA

25Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
26High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan

27Center for High Energy Physics: Kyungpook National University, Taegu 702-701, Korea;
Seoul National University, Seoul 151-742, Korea,

and SungKyunKwan University, Suwon 440-746, Korea
28Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

29University of Liverpool, Liverpool L69 7ZE, United Kingdom
30University College London, London WC1E 6BT, United Kingdom

31Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
32Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
33Institute of Particle Physics: McGill University, Montréal, Canada H3A 2T8,
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We present the results of a search for new physics in the jets plus missing transverse energy data sample
collected from 368 pb�1 of p �p collisions at

���
s
p
� 1:96 TeV recorded by the Collider Detector at

Fermilab. We compare the number of events observed in the data with a data-based estimate of the
standard model backgrounds contributing to this signature. We observe no significant excess of events,
and we interpret this null result in terms of lower limits on the fundamental Planck scale for a large extra
dimensions scenario.

DOI: 10.1103/PhysRevLett.97.171802 PACS numbers: 13.85.Rm, 04.50.+h, 11.25.Wx, 14.80.�j

One of the simplest new physics signatures that can be
explored at a hadron collider consists of a very energetic jet
and large missing transverse energy ( 6ET). The Tevatron
offers a unique opportunity to explore energy regimes that
could yield new physics that have not been accessible at
previous colliders. We take advantage of this opportunity
by performing a signature-based, high energy monojet
search. While a wide range of exotic physics both known

and not yet imagined could yield such a signature, the most
exciting recent scenario involves large extra dimensions
(LED) [1]. LED are an essential ingredient of proposed
solutions to the most fundamental problems of physics
including the hierarchy problem [2] and the observed value
of the dark energy [3].

In LED scenarios, gravitons or their superpartners [3,4]
are responsible for the observed 6ET . In the simplest 2! 2
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tree-level processes possible at a hadron collider experi-
ment, any of the gravitational states (we denote all possible
states with spins from 0 to 2 byG) can be directly produced
in processes such as q �q! gG, qg! qG, and gg! gG,
leaving the final state quark (q) or gluon (g) to produce a
single jet [1].

Graviton emission is within reach of the Tevatron pro-
vided that the (4� n)-dimensional Planck scale (MD) is
around 1 TeV [1,2]. This can be the case if the radii R of the
n compactified extra dimensions are sufficiently large.
Assuming n extra dimensions of the same size, the rela-
tionship between the four-dimensional effective Planck
scale MPl � 1019 GeV and the fundamental Planck scale
MD is given by the generalized Gauss theorem [2]:

 M2
Pl � 8�RnM2�n

D : (1)

In the absence of a significant excess of events relative to
the background expectations, lower limits can be set on
MD, a fundamental parameter common to all LED models.

Monojet searches performed in run I [5] at the Tevatron
were consistent with standard model (SM) expectations. In
this Letter we present a new search using 368 pb�1 of data,
recorded by the Collider Detector at Fermilab (CDF) in
run II of the Tevatron. The sensitivity of this analysis to
new physics in general and to LED scenarios, in particular,
is significantly improved by the increase in center-of-mass
energy for run II p �p collisions (1.80 to 1.96 TeV), an
improved CDF detector, and a factor of 4 increase in the
integrated luminosity over the data sample used in run I.

A complete description of the CDF II detector is given in
Refs. [6]. The important components used in the recon-
struction of the events for this analysis include a tracking
system consisting of a silicon-strip vertex detector sur-
rounded by an open-cell drift chamber. The tracking sys-
tem is situated within a 1.4 T solenoidal magnetic field to
measure charged particle momenta transverse to the beam-
line (pT). Outside the magnet, scintillator-based electro-
magnetic and hadronic calorimeter modules are arranged
in projective tower geometries to reconstruct the energy
and direction of the particle jets. The outermost detection
system consists of planes of multilayered drift chambers
for detecting muons.

We select events in the trigger system based on the
presence of a jet with transverse energy ET > 100 GeV
and further require offline that the highest ET jet in the
event (the leading jet) has ET > 150 GeV. With an off-
line threshold of 150 GeV, the jet trigger is >99% effi-
cient for the events in our sample. Jets are reconstructed

using a fixed cone algorithm with cone size �R ����������������������������������
����2 � ����2

p
� 0:7 [7] over the full pseudorapidity

coverage of the calorimeters (j�j< 3:6). The jet ET is
corrected to account for the effects of fragmentation, calo-
rimeter nonuniformities, and energy from the rest of the
event [8]. To increase the acceptance for events containing
a second jet originating from quark or gluon radiation, we

accept events that contain a second jet with ET < 60 GeV.
However, we reject events that contain three or more
reconstructed jets with ET > 20 GeV because these events
have a much lower signal-to-background ratio than one-jet
and two-jet events. Since the 6ET [9] for most backgrounds
is typically much lower than that of the signal, we require
6ET > 120 GeV. This value is set lower than the jet ET
threshold of 150 GeV to keep the signal efficiency high
given the 6ET resolution.

To further reduce backgrounds from multijet events in
which one or more jets are badly mismeasured, we require
that the azimuth � of the observed 6ET is separated by more
than 0.3 radians from the � of any second jet. To eliminate
noncollision background events originating from beam
halo, cosmic rays, and detector noise, we require that the
leading jet is central (j�j< 1:0) and contained within the
instrumented parts of the calorimeter. Since a jet with
j�j< 1:0 is within the fiducial tracking volume, we can
search for tracks pointing towards the region of the calo-
rimeter in which the jet is found. For all jets within the
fiducial tracking volume, we require at least two associated
tracks whose pT add up to at least 10% of the jet ET . We
also require an event vertex reconstructed from six or more
tracks that is within 60 cm of the detector center in z (the
coordinate parallel to the colliding beams). For the leading,
central jet we require that the associated tracks used in the
pT sum described above are consistent with having origi-
nated from this event vertex. To eliminate background
from muons produced upstream of the detector that interact
and look like jets in the hadronic calorimeter, we require
that for each event the total electromagnetic energy of all
jets with ET > 20 GeV is at least 10% of the total ET .

The resulting candidate sample contains a significant
number of events originating from SM processes which
can produce large 6ET in the detector. The 6ET associated
with these processes can originate from either neutrinos in
the final state (real 6ET) or other particles that pass into
uninstrumented regions of the detector (fake 6ET). The
largest SM background is Z� jets where the Z boson
subsequently decays into neutrinos (Z! � ��). This back-
ground has the same event topology as our signal and is
thus irreducible. The next most significant SM background
comes from W�! l�� � jets production (l � e, �, or �)
where the lepton is unidentified. The contribution of this
background is suppressed by rejecting events that contain
an isolated track with pT > 10 GeV (a potential muon) or a
jet with ET > 20 GeV for which the electromagnetic en-
ergy fraction is above 90% (a potential electron). Track
isolation is defined using the measured energy in the
calorimeter within a �R< 0:4 cone around the recon-
structed track, after subtracting the measured energy in
those calorimeter towers intersected by the track. Tracks
are defined to be isolated if this energy is less than 10% of
the measured track pT . We refer to the W=Z� jets back-
grounds collectively as electroweak backgrounds.
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The number of electroweak background events in the
candidate sample is estimated by measuring cross sections
for Z�! ll� � jets and W�! l�� � jets (l � e or �) pro-
duction from independent data samples collected using
high ET single electron and high pT single muon triggers.
We select events that contain a muon with pT > 20 GeV or
an electron with ET > 25 GeV using standard lepton se-
lection criteria [10] to construct a low-background sample
of lepton candidates. Starting from this sample, we select
W ! l� candidates by requiring 6ET > 25 GeV ( 6ET >
20 GeV for muon events) and Z! ll candidates by requir-
ing a second lepton that satisfies a looser set of selection
criteria [10]. The cosmic ray background in both candidate
samples is reduced by rejecting events in which tracks
passing through opposite hemispheres of the detector can
be reconstructed along a common trajectory.

Using the measured Z�! ll� � jets cross sections and
the difference in Z branching fractions for charged lep-
tons and neutrinos, we estimate the expected number of
Z�! � ��� � jets events in our candidate sample. A second,
independent estimate of this background is obtained from
the measured W�! l�� � jets cross sections. In this case
we first divide the measured cross section by a theoretical
prediction for R�W=Z�, the ratio of theW � jets and Z� jets
production cross sections and then correct the extrapolated
Z�! ll� � jets cross section for the Z branching fraction to
neutrinos. A slightly more precise prediction for the ex-
pected background is obtained by combining the estimates.
This combination reduces the statistical uncertainty from
11% to 10%.

As a consistency check of the event selection, we mea-
sure inclusive cross sections for W=Z production and find
them to be consistent with published run II measurements
[10]. In addition, we measure W=Z� jet production cross
sections where the jet criteria are identical to those used in
the final selection of our jet plus 6ET sample, except that we
vary the leading jet ET cut, using thresholds of 60, 90, 120,
and 150 GeV. The larger statistics in the samples obtained
using lower jet ET thresholds allow statistically significant
comparisons between independent measurements in the
electron and muon channels. The observed agreement
provides further validation of the cross section measure-
ments made for the 150 GeV leading jet threshold that are
used to estimate the electroweak backgrounds in our final
candidate sample.

The acceptance values used in the W=Z� jets cross
section measurements are obtained from simulated
PYTHIA [11] event samples using a full detector simulation
based on GEANT3 [12] and corrected to account for mea-
sured differences in lepton selection criteria observed in
data and simulation. The measured cross sections are
shown in Fig. 1. We combine cross section measurements
from the electron and muon samples using the default
cut of 150 GeV on the ET of the leading jet and obtain
��W�! l�� � jets� � 0:46� 0:05 pb and ��Z�! ll��
jets� � 0:08� 0:02 pb.

A next-to-leading-order calculation based on the MCFM

generator [13] was used to determine the value of R�W=Z�.
At Pmin

T � 150 GeV, the calculated value of R�W=Z� is
8:15� 0:40. Based on the combined Z�! ll� � jets and
W�! l�� � jets cross section measurements, we esti-
mate 177� 44 and 125� 15 background events from
Z�! � ��� � jets in our jet plus 6ET candidate sample. The
two independent results are combined to obtain a final
estimate of 130� 14 events. Estimates for the contribu-
tions of the other electroweak backgrounds to the candidate
sample are also obtained from the measured W=Z� jets
cross sections. We extract, for example, the number of
W�! l�� � jets background events from the measured
W�! l�� � jets cross section based on the percentage of
simulated W�! l�� � jets events which pass our selection
criteria. Since the same measured cross sections are used to
estimate the contributions of each electroweak background
shown in Table I, the uncertainties on these background
predictions are fully correlated.

As described previously, events originating from quan-
tum chromodynamics (QCD) multijet production pro-
cesses can enter our sample when the mismeasurement of
one or more jets creates large 6ET in the detector. The
dominant topology is two-jet events where the second jet
is not found by the jet-finding algorithm. To estimate the
background contribution of such events, we study dijet
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FIG. 1 (color online). W and Z Boson cross sections as a
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TABLE I. Summary of estimated background contributions
and number of events observed for the candidate sample.

Background Events

Z! � �� 130� 14
W ! �� 60� 7
W ! �� 36� 4
W ! e� 17� 2
Z! ll 3� 1

QCD multijet 15� 10
Noncollision 4� 4
Total expected 265� 30
Data observed 263
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events in data for which the observed 6ET points in the
direction of the less energetic jet. We perform a linear
extrapolation of the ET distribution for this less energetic
jet into the region where the ET drops below our threshold
(20 GeV) for defining jets. Monte Carlo studies indicate
that an additional relative contribution of approximately
15% from three-jet events should be added to the number
extracted from this method, resulting in an estimate of
15� 10 background events from QCD multijet production
in our final candidate sample. Using timing information
from the hadronic calorimeter we estimate the noncollision
background, from sources such as cosmic rays, to be 4� 4
events.

A summary of the estimated background contributions is
shown in Table I. We predict a total background of 265�
30 events, observe 263 events in the data, and therefore
conclude that no excess is present in the data. Figure 2
shows a comparison of the 6ET distribution for the 263
events in our candidate sample with the expected distribu-
tion from the SM backgrounds and from a LED signal with
n � 2 and MD � 1 TeV. The shape of the distribution for
signal events does not look significantly different than that
shown here for the SM processes.

We set lower limits on the (4� n)-dimensional Planck
scale using these results. We use PYTHIA in conjuction with
the full detector simulation to generate samples of simu-
lated graviton production, based on leading-order produc-
tion cross sections calculated in Ref. [1]. We simulate the
signal processes for numbers of extra dimensions between
2 and 6 and for a set of different MD values. The cumula-
tive signal acceptance for our selection criteria ranges from
�9:9� 1:3�% to �12:6� 1:7�% as a function of n. The
acceptances are found to have no significant dependence
on MD. Contributions to the uncertainty on the acceptance
include the choice of parton distribution functions (6%
relative uncertainty), possible differences in the jet energy

scale [8] between data and simulation (8%), the models for
initial and final state radiation in the Monte Carlo simula-
tion (5%), and the uncertainty on the integrated luminosity
of the sample (6%). We scale the generated cross sections
by a K factor (the ratio of cross sections as calculated at
next-to-leading order and leading order) of 1.3 [14].

We obtain the upper limit on the number of signal events
in our candidate sample using a Bayesian approach with a
flat prior for the number of signal events and gamma
distributions for the priors for both the acceptance and
the number of background events [15]. Based on 263
observed events, a SM expectation of 265� 30 events,
and a combined uncertainty of 13% on the signal accep-
tance, we obtain an upper limit of 67 signal events at 95%
confidence level (C.L.), corresponding to a cross section
times acceptance of �67=368 pb�1� � 0:18 pb. We set
limits on the value of MD for different values of n based
on the maximum possible number of observed signal
events. The lower limits on MD for n � 2–6 are shown
in Table II for K � 1:3. Assuming compactification on a
torus, these limits on MD can easily be related to limits on
the radius of the extra dimensions by Eq. (1).

This measurement places the most stringent limits from
the Tevatron and in the case of n � 5 and n � 6, the
world’s best limits on MD. The best limits for smaller
values of n come from the LEP combined results [16] in
the ee! �G channel. For the case of two extra dimen-
sions, our upper limit of 0.35 mm on the size of the extra
dimensions can be compared to the limit of 0.13 mm from a
direct probe of gravity at short distances [17].
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