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I. Gorelov,36 A. T. Goshaw,14 Y. Gotra,45 K. Goulianos,48 A. Gresele,4 M. Griffiths,29 C. Grosso-Pilcher,12 U. Grundler,23

M. Guenther,46 J. Guimaraes da Costa,20 C. Haber,28 K. Hahn,43 S. R. Hahn,15 E. Halkiadakis,47 A. Hamilton,32

B-Y. Han,47 R. Handler,58 F. Happacher,17 K. Hara,54 M. Hare,55 R. F. Harr,57 R. M. Harris,15 F. Hartmann,25

K. Hatakeyama,48 J. Hauser,7 C. Hays,14 H. Hayward,29 E. Heider,55 B. Heinemann,29 J. Heinrich,43 M. Hennecke,25

M. Herndon,24 C. Hill,9 D. Hirschbuehl,25 A. Hocker,47 K. D. Hoffman,12 A. Holloway,20 S. Hou,1 M. A. Houlden,29

B. T. Huffman,41 Y. Huang,14 R. E. Hughes,38 J. Huston,34 K. Ikado,56 J. Incandela,9 G. Introzzi,44 M. Iori,49 Y. Ishizawa,54

C. Issever,9 A. Ivanov,47 Y. Iwata,22 B. Iyutin,31 E. James,15 D. Jang,50 J. Jarrell,36 D. Jeans,49 H. Jensen,15 E. J. Jeon,27

M. Jones,46 K. K. Joo,27 S. Jun,11 T. Junk,23 T. Kamon,51 J. Kang,33 M. Karagoz Unel,37 P. E. Karchin,57 S. Kartal,15

Y. Kato,40 Y. Kemp,25 R. Kephart,15 U. Kerzel,25 V. Khotilovich,51 B. Kilminster,38 D. H. Kim,27 H. S. Kim,23 J. E. Kim,27

M. J. Kim,11 M. S. Kim,27 S. B. Kim,27 S. H. Kim,54 T. H. Kim,31 Y. K. Kim,12 B. T. King,29 M. Kirby,14 L. Kirsch,5

S. Klimenko,16 B. Knuteson,31 B. R. Ko,14 H. Kobayashi,54 P. Koehn,38 D. J. Kong,27 K. Kondo,56 J. Konigsberg,16

K. Kordas,32 A. Korn,31 A. Korytov,16 K. Kotelnikov,35 A. V. Kotwal,14 A. Kovalev,43 J. Kraus,23 I. Kravchenko,31

A. Kreymer,15 J. Kroll,43 M. Kruse,14 V. Krutelyov,51 S. E. Kuhlmann,2 N. Kuznetsova,15 A. T. Laasanen,46 S. Lai,32

S. Lami,48 S. Lammel,15 J. Lancaster,14 M. Lancaster,30 R. Lander,6 K. Lannon,38 A. Lath,50 G. Latino,36

R. Lauhakangas,21 I. Lazzizzera,42 Y. Le,24 C. Lecci,25 T. LeCompte,2 J. Lee,27 J. Lee,47 S. W. Lee,51 R. Lefevre,3

N. Leonardo,31 S. Leone,44 J. D. Lewis,15 K. Li,59 C. Lin,59 C. S. Lin,15 M. Lindgren,15 T. M. Liss,23 D. O. Litvintsev,15

T. Liu,15 Y. Liu,18 N. S. Lockyer,43 A. Loginov,35 M. Loreti,42 P. Loverre,49 R-S. Lu,1 D. Lucchesi,42 P. Lujan,28

P. Lukens,15 G. Lungu,16 L. Lyons,41 J. Lys,28 R. Lysak,1 D. MacQueen,32 R. Madrak,20 K. Maeshima,15 P. Maksimovic,24

L. Malferrari,4 G. Manca,29 R. Marginean,38 M. Martin,24 A. Martin,59 V. Martin,37 M. Martı́nez,3 T. Maruyama,54

H. Matsunaga,54 M. Mattson,57 P. Mazzanti,4 K. S. McFarland,47 D. McGivern,30 P. M. McIntyre,51 P. McNamara,50

R. NcNulty,29 S. Menzemer,31 A. Menzione,44 P. Merkel,15 C. Mesropian,48 A. Messina,49 T. Miao,15 N. Miladinovic,5

L. Miller,20 R. Miller,34 J. S. Miller,33 R. Miquel,28 S. Miscetti,17 G. Mitselmakher,16 A. Miyamoto,26 Y. Miyazaki,40

N. Moggi,4 B. Mohr,7 R. Moore,15 M. Morello,44 A. Mukherjee,15 M. Mulhearn,31 T. Muller,25 R. Mumford,24 A. Munar,43

P. Murat,15 J. Nachtman,15 S. Nahn,59 I. Nakamura,43 I. Nakano,39 A. Napier,55 R. Napora,24 D. Naumov,36 V. Necula,16
0031-9007=05=94(10)=101802(7)$23.00 101802-1  2005 The American Physical Society



PRL 94, 101802 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
18 MARCH 2005
F. Niell,33 J. Nielsen,28 C. Nelson,15 T. Nelson,15 C. Neu,43 M. S. Neubauer,8 C. Newman-Holmes,15 A-S. Nicollerat,18

T. Nigmanov,45 L. Nodulman,2 O. Norniella,3 K. Oesterberg,21 T. Ogawa,56 S. H. Oh,14 Y. D. Oh,27 T. Ohsugi,22

T. Okusawa,40 R. Oldeman,49 R. Orava,21 W. Orejudos,28 C. Pagliarone,44 E. Palencia,10 F. Palmonari,44 R. Paoletti,44

V. Papadimitriou,15 S. Pashapour,32 J. Patrick,15 G. Pauletta,53 M. Paulini,11 T. Pauly,41 C. Paus,31 D. Pellett,6 A. Penzo,53

T. J. Phillips,14 G. Piacentino,44 J. Piedra,10 K. T. Pitts,23 C. Plager,7 A. Pompoš,46 L. Pondrom,58 G. Pope,45 O. Poukhov,13
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We present a search for excited and exotic electrons (e�) decaying to an electron and a photon, both
with high transverse momentum. We use 202 pb�1 of data collected in p �p collisions at

���
s

p
� 1:96 TeV

with the Collider Detector at Fermilab II detector. No signal above standard model expectation is seen for
associated ee� production. We discuss the e� sensitivity in the parameter space of the excited electron
mass Me� and the compositeness energy scale �. In the contact interaction model, we exclude
132 GeV=c2 < Me� < 879 GeV=c2 for � � Me� at 95% confidence level (C.L.). In the gauge-mediated
model, we exclude 126 GeV=c2 < Me� < 430 GeV=c2 at 95% C.L. for the phenomenological coupling
f=� � 10�2 GeV�1.

DOI: 10.1103/PhysRevLett.94.101802 PACS numbers: 14.60.Hi, 12.60.Rc, 13.85.Qk, 12.60.-i
The particle content of the standard model (SM) is given
by three generations of quarks and leptons, each containing
an SU�2� doublet. This fermion multiplicity motivates a
description in terms of underlying substructure, in which
all quarks and leptons consist of fewer elementary particles
bound by a new strong interaction [1]. In this composite-
ness model, quark-antiquark annihilations may result in the
production of excited lepton states, such as the excited
10180
electron, e�. The SM may be embedded in larger gauge
groups such as SO�10� or E�6�, motivated by grand unified
theories or string theory. These embeddings also predict
exotic fermions such as the e�, produced via their gauge
interactions [1].

We search for associated ee� production followed by the
radiative decay e� ! e�. This mode yields the distinctive
ee� final state, which is fully reconstructable with high
2-3
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FIG. 1. The cumulative e� mass distribution for all back-
grounds. Integrating over all masses, the total expected number
of e� entries is 6:5� 0:1�stat�	0:9

�0:7�syst�.
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efficiency and good mass resolution, and has small back-
grounds. The evidence for e� production would be the
observation of a resonance in the e� invariant mass distri-
bution. The contact interaction (CI) Lagrangian [1] de-
scribing the reaction q �q ! ee� is

L �
4�

�2
�qL�

�qL
�EL��eL 	 H:c:; (1)

where E denotes the e� field and � is the compositeness
scale. The gauge-mediated (GM) model Lagrangian de-
scribing the e� coupling to SM gauge fields is [1]

L �
1

2�
�ER�

��
�
fg

~�
2

 ~W�� 	 f0g0 Y

2
B��

�
eL 	 H:c:;

(2)

leading to the reaction q �q ! Z=� ! ee�. ~W�� and B��

are the SU�2�L and U�1�Y field-strength tensors, g and g0

are the corresponding electroweak couplings, and f and f0

are phenomenological parameters where we set f � f0.
Direct searches for e� production have been performed

at the DESY ep collider HERA by the ZEUS [2] and H1
[3] experiments and by the CERN e	e� LEP2 [4,5] experi-
ments. Mass limits have been set using the GM model only.
The most stringent LEP limits are set by the OPAL experi-
ment, which has excluded Me� < 207 GeV=c2 for f=�>
10�4 GeV�1 and Me� < 103:2 GeV=c2 for any value of
f=� [5], all at 95% C.L. The most stringent limits from
HERA are set by the H1 experiment, excluding Me� <
280 GeV=c2 at 95% C.L. for f=�� 0:1 GeV�1 [3]. In
this Letter, we extend the sensitivity to higher values of
Me� , for f=�> 0:005 GeV�1. We present the first e�

search in the context of the CI model, and the first e�

search at a hadron collider.
We use 202 pb�1 of data collected by the Collider

Detector at Fermilab II detector [6] during 2001–2003,
from p �p collisions at

���
s

p
� 1:96 TeV at the Fermilab

Tevatron. The detector consists of a magnetic spectrometer
with silicon and drift chamber trackers, surrounded by a
time-of-flight system, preshower detectors, electromag-
netic (EM) and hadronic calorimeters, and muon detectors.
The main components used in this analysis are the central
drift chamber (COT) [7], the central preshower detector [8]
(for detecting photon conversions), and the central [9] and
forward [10] calorimeters. Wire and strip chambers [8] are
embedded in the central EM calorimeter to measure trans-
verse shower profiles for e=� identification. The COT,
central calorimeter, and preshower detectors cover the
region j�j < 1:1 and the forward calorimeters extend
e=� coverage to j�j < 2:8, where � is the pseudorapidity.

We trigger on central electron candidates based on high
transverse-energy [11] EM clusters with associated high
transverse-momentum [11] tracks, with an efficiency (gov-
erned by the track trigger requirement) of �96:2� 0:1�%.
We also use a second electron trigger, with a higher ET

threshold, but with less restrictive identification require-
10180
ments, which ensures �100% efficiency for ET >
100 GeV. In the off-line analysis, we require two fiducial
electron candidates (without charge criteria) and a photon
candidate, each with ET > 25 GeV. We require the isola-
tion I0:4 < 0:1, where I0:4 is the ratio of the total calorime-
ter ET around the EM cluster within a radius of R ����������������������������������
����2 	 ��!�2

p
� 0:4 to the cluster ET, and ! is the

azimuthal angle. Longitudinal and lateral shower profiles
are required to be consistent with the expectation for EM
showers taken from test-beam data.

Central electrons are identified by requiring a matching
COT track, while central photons are vetoed by a matching
COT track with pT > �1	 0:005� ET=GeV� GeV=c.
Forward electrons and photons are not distinguished from
each other by using tracking information (in order to max-
imize selection efficiency) but are collectively identified as
forward EM objects. Events with any dielectron invariant
mass in the range 81< mee < 101 GeV=c2 are rejected to
suppress Z�! ee�� background.

We use a GEANT-based [12] detector simulation to obtain
the off-line identification efficiencies. The simulation is
validated using an unbiased ‘‘probe’’ electron from Z !
ee events that are triggered and identified using the other
electron. We measure the central electron efficiency of
�94:0� 0:3stat�% from the data, compared to �92:7�
0:1stat�% from the PYTHIA [13] simulation. The simulation
of photons is validated by using the EM shower of the
probe electron to emulate a photon. The measured ‘‘emu-
lated photon’’ efficiency from data (simulation) is
75:5%� 0:7stat% (78:3%� 0:2stat%). The simulated effi-
ciency of prompt photons is 76%, showing that the emu-
lated photon is a good model for a real photon. The forward
EM object efficiency is 89:0%� 0:6stat% (90:0%�
0:6stat%) in the data (simulation). The inefficiency (due
to extraneous energy near the forward EM object) de-
creases with increasing ET, falling below 1% for ET >
100 GeV. Based on the data-simulation comparisons we
assign a systematic uncertainty of 1% (3%) to the simu-
lated central electron (photon) efficiency.

We calibrate the EM energy response by requiring the
measured Z�! ee� boson mass to agree with the world
average [14]. The simulated resolution is tuned using the
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TABLE I. Comparison of data and integrated background predictions above a given cut on the
invariant mass of all e� combinations (left) and on the ee� invariant mass (right).

e� combinations Events
me� cut Data Background mee� cut Data Background

>0 GeV=c2 7 6:5	0:9
�0:7 >0 GeV=c2 3 3:0	0:4

�0:3

>50 GeV=c2 7 5:3	0:8
�0:6 >100 GeV=c2 3 2:3	0:4

�0:3

>100 GeV=c2 3 2:3	0:4
�0:3 >150 GeV=c2 3 1:7� 0:3

>150 GeV=c2 3 0:8	0:2
�0:1 >200 GeV=c2 2 0:9� 0:2

>200 GeV=c2 2 0:31	0:10
�0:05 >250 GeV=c2 2 0:4� 0:1

>250 GeV=c2 1 0:12	0:04
�0:02 >300 GeV=c2 2 0:18	0:06

�0:04

>300 GeV=c2 0 0:04	0:02
�0:01 >350 GeV=c2 0 0:08	0:03

�0:02
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observed width of the mass peak. We calculate the full
acceptance (including trigger, geometric, kinematic, and
identification efficiencies) using the detector simulation.
We generate ee� ! ee� events using PYTHIA [13] for the
CI model, and the LANHEP [15] and COMPHEP [16] pro-
grams for the GM model. The acceptance increases from
15% at Me� � 100 GeV=c2 to an asymptotic value of 33%
at high mass, with the largest difference between the
models of � 5% at Me� � 200 GeV=c2. The dominant
systematic uncertainties come from identification effi-
ciency (2.6%), passive material (1.4%), and parton distri-
bution functions (PDFs) (1.0%), for a total of 3.7%.

Sources of background, in order of decreasing contribu-
tion, are production of (i) Z� ! ee�, (ii) Z�! ee� 	 jet,
where the jet is misidentified as a photon, (iii) WZ ! eee�
and ZZ ! eeee, where an electron is misidentified as a
photon, (iv) multijet events where jets are misidentified as
electrons and photons, (v) t�! e�b��t�! e� �b� with ener-
TABLE II. Kinematics of the candidate events.
cluster, and jet, respectively. For forward EM obje
The fractional energy resolution for the central a
terms of 0:135

������������������
GeV=ET

p
and 0:16

����������������
GeV=E

p
, respe

!, and mass resolutions are � 0:005, � 0:003, a
reconstructed with a cone radius R � 0:4, has its
energy and � � ! resolutions of � 20% and � 0

Kinematic Event 1

ET�e1�, charge (e1) 37 GeV, 	
ET�e2�, charge (e2) 71 GeV, n.a.
ET��� 48 GeV
��e1�, !�e1� �1:01, 0.62
��e2�, !�e2� 1.27, 4.05
����, !��� �1:64, 2.02
m�e1e2� 176 GeV=c2

m�e1�� 61 GeV=c2

m�e2�� 257 GeV=c2

m�e1e2�� 318 GeV=c2

ET�e
0=j�

��e0=j�, !�e0=j�
m�e2e

0�
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getic photon radiation off the b quarks, (vi) �� 	 jet
events, and (vii) W�! e�� 	 2 jets, where the jets are
misidentified as an electron and a photon.

We estimate the Z�, WZ, ZZ, t�t, and �� 	 jet back-
grounds using simulated events, with the ZGAMMA [17]
generator for the Z� process and PYTHIA for the others.
Their uncertainties are due to integrated luminosity (6%)
[18], PDFs (5%), higher-order QCD corrections (5%) [19],
identification efficiencies (1%–3%), passive material
(4%), and energy scale and resolution (1%).

Backgrounds from Z 	 jet, W 	 2 jet, and multijet
sources are estimated using data samples of such events,
weighted by the measured ‘‘fake’’ rates for jets to be
misidentified as electrons and photons. The photon fake
rate is corrected for the prompt photon fraction in the jet
sample, which is estimated using conversion signals ob-
served in the calorimeter preshower detector. The central
electron and photon fake rates are O�5� 10�4�. The sys-
e, �, e0, and j represent electron, photon, EM
cts, e and � serve as distinguishing labels only.
nd forward calorimeters is given by sampling
ctively, with constant terms of O�2%�. The �,
nd � 3:5%, respectively. The jet in event 3 is
energy corrected for detector effects, and has
:01, respectively.

Event 2 Event 3

44 GeV, � 164 GeV, 	
42 GeV, � 94 GeV, �
46 GeV 72 GeV
0.83, 3.64 �0:03, 1.73

�0:17, 1.96 0.46, 5.00
1.47, 0.92 �0:29, 5.02
78 GeV=c2 256 GeV=c2

92 GeV=c2 219 GeV=c2

92 GeV=c2 64 GeV=c2

152 GeV=c2 343 GeV=c2

26 GeV 32 GeV
1.53, 5.08 �0:50, 3.16
92 GeV=c2
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tematic uncertainty in the central photon fake rate ranges
from �50% at low ET (due to variation with �) to a factor
of �2 at high ET (due to statistical uncertainty on the
prompt photon fraction). The fake rate for forward EM
objects is an increasing function of � and ET with a value
of O�10�2� and with systematic uncertainty of a factor of
�2 (due to variation with the jet sample). All fake rates are
applied as functions of ET, and the forward EM object fake
rate is also applied as a function of �. In the Z-veto region
(81< mee < 101 GeV=c2) we observe 8 events and pre-
dict 5:8� 0:1�stat�	0:9

�0:5�syst�.
For the e� resonance search, we compare the data with

the expected background in a sliding window of �3�
width on the e� invariant mass distribution, where � is
the rms of the e� mass peak estimated from the simulation.
All e� combinations are considered. The rms is dominated
by the detector resolution (�3:5%) over almost the entire
e� parameter space. Figure 1 shows the background pre-
dictions for e� combinations.

We find three candidate events, consistent with our
predicted background of 3:0� 0:1�stat�	0:4

�0:3�syst�. The sys-
tematic uncertainty receives equal contributions from the
uncertainty on the SM backgrounds and the uncertainty on
the misidentification backgrounds due to the fake rates.
Comparisons of data and backgrounds are shown in
Table I. The kinematics of the candidates are presented
in Table II. In event 1 the forward ‘‘�’’ has an associated
track in the silicon detector and is consistent with being a
negative electron. Event 2 has an additional EM cluster (e0)
that passes forward selection cuts but marginally fails the
isolation cut (I0:4 � 0:107). Both forward objects have
associated tracks in the silicon detector and are consistent
with being positive electrons. The masses of the (e1; �)
and (e2; e0) pairs are consistent with the event being a
Z�! ee�Z�! ee� candidate.

We set limits on e� production using a Bayesian [14,20]
approach, with a flat prior for the signal and Gaussian
priors for the acceptance and background uncertainties.
The 95% C.L. upper limits on the cross section �
branching ratio (see Fig. 2) are converted into e� mass
10180
limits by comparison with theory [19]. For both production
models, the e� decay is prescribed by the GM Lagrangian,
which predicts BR�e� ! e�� � 0:3 for Me� > 200 GeV.
We include mass-dependent uncertainties in the theoretical
cross sections due to PDFs (5%–18%) and higher-order
QCD corrections (7%–13%). Figure 3 shows the limits in
the parameter space of f=� (Me�=�) versus Me� for the
GM (CI) model. The region above the curve labeled
‘‘�e� � 2Me�’’ is unphysical for the GM model, because
the total width �e� becomes larger than the mass.

In conclusion, we have presented the results of the first
search for excited and exotic electrons at a hadron collider.
We find three events, consistent with our predicted back-
ground. In the GM model, we exclude 126 GeV=c2 <
Me� < 430 GeV=c2 for f=� � 0:01 GeV�1 at the 95%
C.L., well beyond previous limits [2–5]. We have also
presented the first e� limits in the CI model as a func-
tion of Me� and �, excluding 132 GeV=c2 < Me� <
879 GeV=c2 for � � Me� .
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