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Search for excited leptons in proton-proton collisions at
ffiffiffi
s

p ¼ 7 TeV with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 16 January 2012; published 27 April 2012)

The ATLAS detector is used to search for excited leptons in the electromagnetic radiative decay

channel ‘� ! ‘�. Results are presented based on the analysis of pp collisions at a center-of-mass energy

of 7 TeV corresponding to an integrated luminosity of 2:05 fb�1. No evidence for excited leptons is found,

and limits are set on the compositeness scale � as a function of the excited lepton mass m‘� . In the special

case where � ¼ m‘� , excited electron and muon masses below 1.87 TeV and 1.75 TeV are excluded at

95% C.L., respectively.

DOI: 10.1103/PhysRevD.85.072003 PACS numbers: 12.60.Rc, 13.85.�t

I. INTRODUCTION

The standard model (SM) of particle physics is an ex-
tremely successful effective theory which has been exten-
sively tested over the past 40 years. However, a number of
fundamental questions are left unanswered. In particular,
the SM does not provide an explanation for the source of
the mass hierarchy and the generational structure of quarks
and leptons. Compositeness models address these ques-
tions by proposing that quarks and leptons are composed
of hypothetical constituents named preons [1]. In these
models, quarks and leptons are the lowest-energy bound
states of these hypothetical particles. New interactions
among quarks and leptons should then be visible at the
scale of the constituents’ binding energies, and give rise to
excited states. At the LHC, excited lepton ‘� production
via four-fermion contact interactions can be described by
the effective Lagrangian [2]

L contact ¼ g2�
2�2

j�j�;

where g2� is the coupling constant, � is the compositeness
scale, and j� is the fermion current

j� ¼ �L
�fL��fL þ �0

L
�f�L��f

�
L þ �00

L
�f�L��fL

þ H:c:þ ðL ! RÞ:

For simplicity and consistency with recent searches, the
following prescription is used: g2� ¼ 4�, �L ¼ �0

L ¼
�00
L ¼ 1, and �R ¼ �0

R ¼ �00
R ¼ 0 such that chiral symme-

try is conserved [3,4]. The above ansatz ignores underlying
preon dynamics and is valid as long as the mass of the
excited leptons is below the scale �. In the well-studied
case of the homodoublet-type ‘� [2,5,6], the relevant

gauge-mediated Lagrangian describing transitions be-
tween excited and ground-state leptons is

L GM ¼ 1

2�
�‘�R���

�
gf

�a

2
Wa

�� þ g0f0
Y

2
B��

�
‘L þ H:c:;

where ‘L is the lepton field, W�� and B�� are the SUð2ÞL
andUð1ÞY field strength tensors, g and g0 are the respective
electroweak couplings, and f and f0 are phenomenological
constants chosen to be equal to 1. TheLGM term allows the
decay of excited leptons via the electromagnetic radiative
mode ‘�� ! ‘��, a very clean signature which is ex-
ploited in this search. For a fixed value of �, the branching
ratio Bð‘�� ! ‘��Þ decreases rapidly with increasing ‘�
mass. For � ¼ 2 TeV, Bð‘�� ! ‘��Þ is 30% for m‘� ¼
0:2 TeV and decreases exponentially to about 2.3% for
m‘� ¼ 2 TeV.
Previous searches at LEP [7], HERA [8], and the

Tevatron [9] have found no evidence for such excited
leptons. For the case where� ¼ m‘� , the CMS experiment
has excluded masses below 1.07 TeV for e� and 1.09 TeV
for �� at the 95% credibility level (C.L.) [10].

II. ANALYSIS STRATEGY

This article reports on searches for excited electrons and
muons in the ‘� ! ‘� channel based on 2:05 fb�1 of
7 TeV pp collision data recorded in 2011 with the
ATLAS detector [11]. The benchmark signal model con-
sidered is based upon theoretical calculations from
Ref. [2]. In this model, excited leptons may be produced

singly via q �q ! ‘� �‘ or in pairs via q �q ! ‘� �‘�, due to
contact interactions. As the cross section for pair produc-
tion is much less than for single production, the search for

excited leptons is based on the search for events with ‘ �‘�
in the final state: three very energetic particles, isolated,
and well separated from one another.
For both the e� and �� searches, the dominant back-

ground arises from Drell-Yan (DY) processes accompanied
either by a prompt photon from initial- or final-state
radiation (Zþ �) or by a jet misidentified as a photon

*Full author list given at the end of the article.
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(Zþ jets). The dominant irreducible Zþ � background
results in the same final state as the signal, whereas
Zþ jets background can be highly suppressed by impos-
ing stringent requirements on the quality of the recon-
structed photon candidate. Small contributions from t�t
and diboson (WW, WZ, and ZZ) production are also
present in both channels. W þ jets events, as well as
semileptonic decays of heavy flavor hadrons, and multi-
jet events can be heavily suppressed by requiring the
leptons and photons to be isolated and thus have a
negligible contribution to the total background.

The signature for excited leptons can present itself as a
peak in the invariant mass of the ‘þ � system because the
width of the ‘� is predicted to be narrower than the detector
mass resolution for excited lepton masses m‘� & 0:5�.
This peak could be easily resolved from the Zþ � back-
ground. However, it is difficult to identify which of the two
leading leptons in the event comes from the ‘� decay. To
avoid this ambiguity, one can search for an excess in the

‘ �‘� invariant mass (m‘‘�) spectrum. This approach is

effective for the whole m‘� �� parameter space probed,
as one can search for an excess of events with m‘‘� >

350 GeV, which defines a nearly background-free signal
region. Optimization studies demonstrate that the observ-
able m‘‘� provides better signal sensitivity than m‘�, par-

ticularly for lower ‘� masses. The analysis strategy
therefore relies on m‘‘� for the statistical interpretation

of the results.

III. ATLAS DETECTOR

ATLAS is a multipurpose detector with a forward-
backward symmetric cylindrical geometry and nearly 4�
coverage in solid angle. It consists of an inner tracking
detector immersed in a 2 T solenoidal field, electromag-
netic and hadronic calorimeters, and a muon spectrometer.
Charged particle tracks and vertices are reconstructed in
silicon-based pixel and microstrip tracking detectors that
cover j�j< 2:5 and transition radiation detectors extend-
ing to j�j< 2:0 [12]. A hermetic calorimetry system,
which covers j�j< 4:9, surrounds the superconducting
solenoid. The liquid-argon electromagnetic calorimeter,
which plays an important role in electron and photon
identification and measurement, is finely segmented. It
has a readout granularity varying by layer and cells as
small as 0:025� 0:025 in ���, and extends to j�j<
2:5 to provide excellent energy and position resolution.
Hadron calorimetry is provided by an iron-scintillator tile
calorimeter in the central rapidity range j�j< 1:7 and a
liquid-argon calorimeter with copper and tungsten as ab-
sorber material in the rapidity range 1:5< j�j< 4:9.
Outside the calorimeter, there is a muon spectrometer
which is designed to identify muons and measure their
momenta with high precision. The muon spectrometer
comprises three toroidal air-core magnet systems: one for
the barrel and one per endcap, each composed of eight

coils. Three layers of drift tube chambers and/or cathode
strip chambers provide precision (�) coordinates for mo-
mentum measurement in the region j�j< 2:7. A muon
trigger system consisting of resistive plate chambers in
the barrel and thin-gap chambers for j�j> 1 provides
triggering capability up to j�j ¼ 2:4 and measurements
of the � coordinate.

IV. SIMULATED SAMPLES

The excited lepton signal samples are generated based
on calculations from Ref. [2] at LO with COMPHEP 4.5.1
[13] interfaced with PYTHIA 6.421 to handle parton showers
and hadronization [14,15], using MRST2007 LO* [16]
parton distribution functions (PDFs). Only single produc-
tion of excited leptons is simulated, with the ‘� decaying
exclusively via the electromagnetic channel. The Zþ �
sample is generated with SHERPA 1.2.3 [17] using CTEQ6.6
[18] PDFs, requiring the dilepton mass to be above 40 GeV.
To avoid phase-space regions where matrix elements di-
verge, the angular separation between the photon and

leptons is required to be Rð‘; �Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
>

0:5 and the transverse momentum (pT) of the photon is
required to be p�

T > 10 GeV. To ensure adequate statistics
at largem‘‘�, an additional Zþ � sample is generated with

p�
T > 40 GeV, and is equivalent to�300 fb�1 of data. The

Zþ jets background is generated with ALPGEN 2.13 [19],
while the t�t background is produced with MC@NLO 3.41
[20]. In both cases, JIMMY 4.31 [21] is used to describe
multiple parton interactions and HERWIG 6.510 [22] is
used to simulate the remaining underlying event and
parton showers and hadronization. CTEQ6.6 PDFs are
used for both backgrounds. To remove overlaps between
the Zþ jets and the Zþ � samples, Zþ jets events with
prompt energetic photons are rejected if the photon-lepton
separation is such that Rð‘; �Þ> 0:5. The diboson pro-
cesses are generated with HERWIG using MRST2007 LO*
PDFs. For all samples, final-state photon radiation is
handled via PHOTOS [23]. The generated samples are then
processed through a detailed detector simulation [24]
based on GEANT4 [25] to propagate the particles and ac-
count for the detector response. A large sample of MC
minimum bias events is then mixed with the signal and
background MC events to simulate pileup from additional
pp collisions. Simulations are normalized on an event-by-
event basis such that the distribution of the number of
interactions per event agrees with the spectrum observed
in data.
Although SHERPA includes higher-order QCD contribu-

tions beyond the Zþ � Born amplitude, such as the real
emission of partons in the initial state, it omits virtual
corrections. For this reason, the Zþ � cross section is
calculated at next-to-leading order (�NLO) using MCFM

[26] with MSTW2008 NLO PDFs [27]. The theoretical
precision of the �NLO estimate is �6%, and the ratio
�NLO=�SHERPA is used to determine a correction factor as
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a function of m‘‘�. The Zþ jets cross section is initially

normalized to predictions calculated at next-to-next-to-
leading order (NNLO) in perturbative QCD as determined
by the FEWZ [28] program usingMSTW2008 NNLO PDFs.
Since the misidentification of jets as photons is not well
modeled, the Zþ jets prediction is adjusted at the analysis
level using data-driven techniques described below. Cross
sections for diboson processes are known at NLO with an
uncertainty of 5%, while the t�t cross section is predicted at
approximately NNLO, with better than 10% uncertainty
[29,30].

V. DATA AND PRESELECTION

The data, which correspond to a total integrated lumi-
nosity of 2:05 fb�1, were collected in 2011 during stable
beam periods of 7 TeV pp collisions. For the e� search,
events are required to pass the lowest unprescaled single
electron trigger available. For the first half of the data this
corresponds to a pe

T threshold of 20 GeV, and a pe
T thresh-

old of 22 GeV for the later runs. For the�� search, a single
muon trigger with matching tracks in the muon spectrome-
ter and inner detector with combined p

�
T > 22 GeV is used

to select events. In addition, events with a muon with p
�
T >

40 GeV in the muon spectrometer are also kept. Collision
candidates are then identified by requiring a primary
vertex with a z position along the beam line of jzj<
200 mm and at least three associated charged particle
tracks with pT > 0:4 GeV.

The lepton selection consists of the same requirements
used in the ATLAS search for new heavy resonances
decaying to dileptons [31]. Electron candidates are formed
from clusters of cells in the electromagnetic calorimeter
associated with a charged particle track in the inner detec-
tor. For the e� search, two electron candidates with pe

T >
25 GeV and j�j< 2:47 are required. Electrons within the
transition region 1:37< j�j< 1:52 between the barrel and
the endcap calorimeters are rejected. The medium electron
identification criteria [32] on the transverse shower shape,
the longitudinal leakage into the hadronic calorimeter, and
the association with an inner detector track are applied
to the cluster. The electron’s reconstructed energy is ob-
tained from the calorimeter measurement and its direction
from the associated track. A hit in the first active pixel layer
is required to suppress the background from photon con-
versions. To further suppress background from jets, the
leading electron is required to be isolated by demanding
that the sum of the transverse energies in the cells around
the electron direction in a cone of radius R< 0:2 be less
than 7 GeV. The core of the electron energy deposition is
excluded, and the sum is corrected for transverse shower
leakage and pileup from additional pp collisions to make
the isolation variable essentially independent of pe

T [33]. In
cases where more than two electrons are found to satisfy
the above requirements, the pair with the largest invariant
mass is chosen. To minimize the impact of possible charge

misidentification, the electrons are not required to have
opposite electric charges.
Muon tracks are reconstructed independently in both the

inner detector and the muon spectrometer, and their mo-
menta are determined from a combined fit to these two
measurements. For the �� search, two muons with p

�
T >

25 GeV are required. To optimize the momentum resolu-
tion, each muon candidate is required to have a minimum
number of hits in the inner detector and to have at least
three hits in each of the inner, middle, and outer layers of
the muon spectrometer. This requirement results in a muon
fiducial acceptance of j�j< 2:5. Muons with hits in the
barrel-endcap overlap regions of the muon spectrometer
are discarded because of large residual misalignments. The
effects of misalignments and intrinsic position resolution
are otherwise included in the simulation. The p

�
T resolution

at 1 TeV ranges from 13% to 20%. To suppress background
from cosmic rays, the muon tracks are required to have
transverse and longitudinal impact parameters jd0j<
0:2 mm and jz0j< 1 mm with respect to the primary ver-
tex. To reduce background from heavy flavor hadrons,
each muon is required to be isolated such that �pTðR<
0:3Þ=p�

T < 0:05, where only inner detector tracks with

pT > 1 GeV enter the sum. Muons are required to have
opposite electric charges. In cases where more than two
muons are found to satisfy the above requirements, the pair
of muons with the largest invariant mass is considered.
The dielectron and dimuon distributions are inspected

for consistency with background predictions to ensure that
the resolution and efficiency corrections were adjusted
properly in the simulation. Excellent agreement is found
around the mass of the Z, in terms of both the peak position
and width of the dilepton invariant mass distributions. For
the mass range 70<m‘‘ < 110 GeV, the number of
events observed in data agrees to within 1% of the back-
ground predictions for both the electron and muon chan-
nels. Furthermore, the tails of the pe

T and p�
T distributions

in the simulation are found to closely match the data.
The presence of at least one photon candidate with p�

T >
20 GeV and pseudorapidity j�j< 2:37 is then necessary
for the events to be kept. Photons within the transition
region between the barrel and the endcap calorimeters
are excluded. Photon candidates are formed from clusters
of cells in the electromagnetic calorimeter. They include
unconverted photons, with no associated track, and pho-
tons that converted to electron-positron pairs, associated
with one or two tracks. All photon candidates are required
to satisfy the tight photon definition [34]. This selection
includes constraints on the energy leakage into the had-
ronic calorimeter as well as stringent requirements on the
energy distribution in the first sampling layer of the elec-
tromagnetic calorimeter, and on the shower width in the
second sampling layer. The tight photon definition is de-
signed to increase the purity of the photon selection sample
by rejecting most of the jet background, including jets with
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a leading neutral hadron (usually a�0) that decays to a pair
of collimated photons. To further reduce background from
misidentified jets, photon candidates are required to be
isolated by demanding that the sum of the transverse en-
ergies of the cells within a cone R< 0:4 of the photon be
less than 10 GeV. As for the electron isolation, the core of
the photon energy deposition is excluded and the sum is
corrected for transverse shower leakage and pileup.
Because no background predictions are simulated for
Rð‘; �Þ< 0:5, photons are required to be well separated
from the leptons with Rð‘; �Þ> 0:7. This requirement has
a negligible impact on signal efficiency. Finally, if more
than one photon in an event satisfies the above require-
ments, the one with the largest pT is used in the search.

For the above selection criteria, the total signal accep-
tance times efficiency (A� 	) is �56% in the e� channel
for masses me� > 600 GeV. This value includes the
acceptance of all selection cuts and the reconstruction
efficiencies, and reflects the lepton and photon angular
distributions. In comparison, A� 	 is �32% for m�� >

600 GeV. The lower acceptance in the�� channel is due to
the stringent selection on the muon spectrometer hits used
to maximize the p

�
T resolution, in particular, the limited

geometrical coverage of the muon spectrometer with three
layers of precision chambers.

VI. BACKGROUND DETERMINATION

All background predictions are evaluated with simulated
samples. These include the dominant and irreducible
Zþ � background, as well as Zþ jets events where a jet
is misidentified as a photon. The rate of jet misidentifica-
tion is overestimated in the simulation so the Zþ jets
predictions are adjusted to data as described below. Small
contributions from t�t and diboson production are also
present at low m‘‘�. Background from multijet events

and semileptonic decays of heavy flavor hadrons are heav-
ily suppressed by the isolation requirements and are neg-
ligible in the signal region.

The Zþ jets estimates are adjusted to data in a control
region defined bym‘‘� < 300 GeV. This region represents

less than 1% of the signal parameter space for m‘� �
200 GeV. The nominal strategy consists of counting the
number of events in data in this control region and compar-
ing it to the MC background predictions. The excess of
background events found in the simulation is attributed to
the mismodeling of the rate of jets misidentified as pho-
tons, and the number of Zþ jets events is scaled down
accordingly. As a result, the number of events in the
control region is the same in the MC simulations as in
data, as shown in Table I. The Zþ jets estimates are
validated using various data-driven methods, notably by
using misidentification rates evaluated in jet-enriched
samples, and applying these rates to Zþ jets data
samples using an approach similar to the one described
in Ref. [34]. The main reason for the overestimation of

the jet misidentification rate in the simulation is due to
the mismodeling of the jet shower shapes. A Zþ jets
enriched sample was used to correct the shower shapes
of jets in the simulations, such that the efficiency for jets
to pass the tight photon requirement in the MC simula-
tion is comparable to the rate measured in data. This
correction depends strongly on the generator used (e.g.
PYTHIA vs ALPGEN) and results in a 15% uncertainty in

the Zþ jets background estimate.
The largest difference between the nominal Zþ jets

background determination and the alternative estimates is

TABLE I. Data yields and background expectations inside
(m‘‘� < 300 GeV) and outside the m‘‘� control region after

adjusting the Zþ jets background. The uncertainties shown
are purely statistical, except for the Zþ jets background for
which the total uncertainty is dominated by systematic uncer-
tainties.

Region (GeV) Zþ � Zþ jets Diboson tt Data

mee� < 300 306� 8 138� 38 8:3� 0:8 2:4� 0:5 455

mee� > 300 25� 2 8:1� 1:6 0:8� 0:2 0:5� 0:2 29

m��� < 300 255� 8 89� 31 4:9� 0:6 0:9� 0:3 350

m��� > 300 14� 1 5:4� 1:4 0:9� 0:3 0:1� 0:1 19
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FIG. 1 (color online). Lepton pT distributions for the e� (top
panel) and �� (bottom panel) channels. The expected back-
ground uncertainties shown correspond to the sum in quadrature
of the statistical uncertainties as well as the uncertainty in the
Zþ jets normalization measured in the control region.
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assigned as a systematic uncertainty and dominates the
total error in the Zþ jets estimates presented in Table I.
The corresponding scaling factors applied to the Zþ jets
simulation are 0:51� 0:14 and 0:61� 0:21 for the e� and
�� channels, respectively, i.e. within uncertainties of one
another. Furthermore, the ratio of the number of Zþ jets
events outside the control region to the number of events
inside is found to be the same in the MC simulations as in
the data-driven techniques: 0.06 for both the e� and ��
channels. This finding indicates that the jet pT misidenti-
fication rate as a function of the jet is modeled properly.

Comparisons between data and the resulting background
expectations for the p‘

T, p
�
T,m‘�, andm‘‘� distributions are

shown in Figs. 1–4. No significant discrepancies are ob-
served between data and the simulations. In particular, the
background prediction for the photon pT shape matches the
data for both the e� and �� searches, which suggests that
the tuning of the jet misidentification rate for the Zþ jets
background is adequate.

VII. SIGNAL REGION OPTIMIZATION

The signal search region is optimized as a function of
m‘� using simulated events by determining the lower
bound on m‘‘� that maximizes the significance defined as

SL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln½ð1þ S=BÞSþBe�S�

q
;

where S and B are the number of signal and background
events, respectively. The optimum threshold value is found
to be m‘‘� ¼ m‘� þ 150 GeV. Additionally, to improve

the sensitivity, particularly at low m‘� , background contri-
butions from DY processes are suppressed further by re-
quiring events to satisfy m‘‘ > 110 GeV. The signal
efficiency for these two additional requirements is >99%
for m‘� � 200 GeV.
Because few events survive the complete set of require-

ments, the shapes of the Zþ � and Zþ jets backgrounds
are individually fitted using an exponential function
expðP0 þ P1 �m‘‘�Þ over the mass range 250 GeV<

m‘‘� < 950 GeV. The sum of these two fits is then used

to obtain the total background prediction for m‘‘� >

350 GeV. The resulting background estimates and data
yields are shown in Table II for the e� and �� searches,
as well as in Figs. 5 and 6.
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FIG. 3 (color online). Distributions of the invariant mass of the
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channels. Combinations with both the leading and subleading
leptons are shown. The expected background uncertainties
shown correspond to the sum in quadrature of the statistical
uncertainties as well as the uncertainty in the Zþ jets normal-
ization measured in the control region. For both channels, one
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Zþ jets normalization measured in the control region.
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VIII. SYSTEMATIC UNCERTAINTIES

In this section, the dominant systematic uncertainties in
the Zþ � and Zþ jets background predictions are first
described, followed by a description of the experimental
systematic uncertainties that affect both the background
and signal yields, and by a discussion of the theoretical
uncertainties which affect both the e� and ��.

The dominant systematic uncertainty in the irreducible
Zþ � background comes from the fit of its background
shape and normalization due to the limited number of
events with m‘‘ > 110 GeV. This uncertainty increases
with m‘� from about 20% at 200 GeV to 100% for m‘� >
800 GeV. The second largest uncertainty in the Zþ �
background is of theoretical nature and arises from the
NLO computations. This uncertainty is obtained by vary-
ing the renormalization and factorization scales by factors
of 2 around their nominal values and combining with
uncertainties arising from the PDFs and values of the
strong coupling constant 
s. For m‘� ¼ 200 GeV (m‘� >
800 GeV ), the resulting theoretical uncertainty in the
number of Zþ � background events in our signal region
is 7% (10%) for both channels.
The uncertainty in the Zþ jets normalization is deter-

mined to be 38% (35%) for the e� (��) channel, which
covers the range of values obtained by the different esti-
mates as well as their uncertainties in them‘‘� < 300 GeV

control region. Uncertainties in the Zþ jets prediction
from the shape of the fitted distribution are added in quad-
rature to the normalization uncertainty.
Experimental systematic uncertainties that affect both

signal and background yields include the uncertainty from
the luminosity measurement of 3.7% [35] and uncertainties
in particle reconstruction and identification as described
below.
A 3% systematic uncertainty is assigned to the photon

efficiency. This value is obtained by comparing the signal
efficiency with and without photon shower shape correc-
tions (2%), by studying the impact of material mismodel-
ing in the inner detector (1%), and by determining the
reconstruction efficiency for various pileup conditions
(1%) [36].
The electron trigger and reconstruction efficiency is

evaluated in data and in MC simulations in several
��� bins to high precision. Correction factors are ap-
plied to the simulations accordingly and have negligible
uncertainties. A 1% systematic uncertainty in the electron
efficiency at high pT is assigned. This uncertainty is

TABLE II. Data yields and background expectation as a function of a lower bound on m‘‘� ¼ m‘� þ 150 GeV. The uncertainties
represent the sum in quadrature of the statistical and systematic uncertainties. The probability for the background-only hypothesis (p
value) is also provided.

e� search �� search

m‘‘� region (TeV) Zþ � Total bkg Data p value Zþ � Total bkg Data p value

>0:35 10:1� 1:9 11:5� 2:2 8 0.92 5:2� 1:4 6:0� 1:6 6 0.40

>0:45 4:6� 1:0 5:1� 1:2 2 0.83 3:1� 0:8 3:4� 0:9 3 0.42

>0:55 2:1� 0:7 2:3� 0:8 1 0.80 1:8� 0:6 2:0� 0:7 1 0.72

>0:65 0:98� 0:47 1:02� 0:49 1 0.32 1:09� 0:49 1:14� 0:51 1 0.72

>0:75 0:45� 0:29 0:46� 0:30 1 0.16 0:65� 0:39 0:67� 0:39 1 0.28

>0:85 0:20� 0:16 0:21� 0:17 1 0.11 0:39� 0:29 0:39� 0:29 1 0.17

>0:95 0:09� 0:09 0:10� 0:09 1 0.03 0:23� 0:21 0:23� 0:21 0 0.78

>1:05 0:05� 0:05 0:05� 0:05 0 0.81 0:14� 0:14 0:14� 0:14 0 0.92
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FIG. 4 (color online). Distributions of the invariant mass for
the ‘‘� system for the e� (top panel) and �� (bottom panel)
channels. The expected background uncertainties shown corre-
spond to the sum in quadrature of the statistical uncertainties as
well as the uncertainty in the Zþ jets normalization measured in
the control region. For both channels, one event lies outside the
mass range shown.
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estimated by studying the electron efficiency as a function
of the calorimeter isolation criteria.

The calorimeter energy resolution is dominated at high
pT by a constant term which is 1.1% in the barrel and 1.8%
in the endcaps. The simulation is adjusted to reproduce this
resolution at high energy, and the uncertainty in this cor-
rection has a negligible effect on pe

T and p
�
T. The calorime-

ter energy scale is corrected by studying J=c ! ee and
Z ! ee events. Calibration constants are obtained for sev-
eral � regions and deviate at most by 1.5% of unity, and
have small uncertainties. Thus, uncertainties on the calo-
rimeter energy scale and resolution result in negligible
uncertainties in the background and signal yields.

The combined uncertainty in yields arising from the
trigger and reconstruction efficiency for muons is esti-
mated to increase linearly as a function of p

�
T to about

1.5% at 1 TeV. This uncertainty is dominated by a con-
servative estimate of the impact of large energy loss from
muon bremsstrahlung in the calorimeter, which can affect
reconstruction in the muon spectrometer. The uncertainty
from the resolution due to residual misalignments in the

muon spectrometer propagates to a change in the number
of events passing them��� cut and affects the sensitivity of

the search. The muon momentum scale is calibrated with a
statistical precision of 0.1% using the Z ! �� mass peak.
Thus, uncertainties on the muon momentum scale and
resolution result in negligible uncertainties in the back-
ground and signal yields.
An additional 1% systematic uncertainty is assigned to

the e� and�� signal efficiencies to account for the fact that
the dependence on � is neglected in this analysis. This
uncertainty is obtained by studying the signal A� 	 for
various excited lepton masses and compositeness scales.
Theoretical uncertainties from renormalization and facto-
rization scales and PDFs have a negligible impact on the
signal efficiency and are not included in the results pre-
sented below.

IX. RESULTS

A summary of the data yields and background expecta-
tions as a function of a lower bound on m‘‘� is shown in

Table II for the e� and �� searches. The uncertainties
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FIG. 6 (color online). Distributions of the invariant mass for
the ‘‘� system for the e� (top panel) and �� (bottom panel)
searches after requiring m‘‘ > 110 GeV. The Zþ jets and
Zþ � backgrounds were fitted, and the total uncertainties
from the fit as well as the uncertainty in the Zþ jets normal-
ization measured in the control region are displayed as the
shaded area. Note that the last bin contains the sum of all events
with m‘‘� > 1450 GeV.
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FIG. 5 (color online). Distributions of the invariant mass of the
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channels after requiring m‘‘ > 110 GeV. Combinations with
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background uncertainties shown correspond to the sum in quad-
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the Zþ jets normalization measured in the control region. Note
that the last bin contains the sum of all entries with m‘� >

950 GeV.
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displayed correspond to the sum in quadrature of the
statistical and systematic uncertainties. The significance
for an excited lepton signal is estimated by means of a p
value, the probability of observing an outcome at least as
signal-like as the one observed in data, assuming that a
signal is absent. The lowest p values obtained are 3% in the
e� channel (for mee� > 950 GeV) and 17% in the ��

channel (for m��� > 850 GeV), which indicates that the

data are consistent with the background hypothesis.
Given the absence of a signal, an upper limit on the ‘�

cross section times branching ratio �B is determined at the
95% C.L. using a Bayesian approach [37] with a flat,
positive prior on �B. Systematic uncertainties are incorpo-
rated in the limit calculation as nuisance parameters. The
limits are translated into bounds on the compositeness
scale as a function of the mass of the excited leptons by
comparing them with theoretical predictions of �B for
various values of �.

The expected exclusion limits are determined using
simulated pseudoexperiments (PE) containing only SM

processes, by evaluating the 95% C.L. upper limits for
each PE for each fixed value of m‘� . The median of the
distribution of limits represents the expected limit. The
ensemble of limits is used to find the 1� and 2� envelopes
of the expected limits as a function of m‘� .
Figure 7 shows the 95% C.L. expected and observed

limits on �Bð‘� ! ‘�Þ for the e� and �� searches. For
m‘� > 0:9 TeV, the observed and expected limits on �B
are 2.3 fb and 4.5 fb for the e� and ��, respectively. The
green and yellow bands show the expected 1� and 2�
contours of the expected limits. When the expected number
of background events is zero, there is an effective quanti-
zation of the expected limits obtained from the PE, and no
downward fluctuation of the background is possible. These
effects explain the behavior of the 1� and 2� contours of
the expected limits for large ‘� masses. Theoretical pre-
dictions of �B for three different values of � are also
displayed in Fig. 7, as well as the theoretical uncertainties
from renormalization and factorization scales and PDFs for
� ¼ 2 TeV. These uncertainties are shown for illustrative

FIG. 7 (color online). Limits at 95% C.L. on the cross section times branching ratio as a function of e� and of �� mass. Theoretical
predictions for excited leptons produced for three different compositeness scales are shown, as well as the theoretical uncertainties
from renormalization and factorization scales and PDFs for� ¼ 2 TeV. Form‘� > 0:9 TeV, the observed limit on �B is 2.3 fb (4.5 fb)
for e� (��).
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do not hold form‘� >�. The best limits from the Tevatron experiments as well as from the CMS experiment based on 36 pb�1 are also
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purposes only and are not included in determining mass
limits. The mass limits obtained for various � values are
used to produce exclusion limits on the m‘� �� plane as
shown in Fig. 8. In the special case where� ¼ m‘� , masses
below 1.87 TeV and 1.75 TeV are excluded for excited
electrons and muons, respectively.

X. CONCLUSIONS

The results of a search for excited electrons and muons
with the ATLAS detector are reported, using a sample offfiffiffi
s

p ¼ 7 TeV pp collisions corresponding to an integrated
luminosity of 2:05 fb�1. The observed invariant mass
spectra are consistent with SM background expectations.
Limits are set on the cross section times branching ratio
�Bð‘� ! ‘�Þ at 95% C.L. For m‘� > 0:9 TeV, the ob-
served upper limits on �B are 2.3 fb and 4.5 fb for the e�
and �� channels, respectively. The limits are translated
into bounds on the compositeness scale � as a function of
the mass of the excited leptons. In the special case where
� ¼ m‘� , masses below 1.87 TeV and 1.75 TeV are ex-
cluded for e� and ��, respectively. These limits are the
most stringent bounds to date on excited leptons for the
parameter-space region with m‘� � 200 GeV.
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[15] T. Sjöstrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026.

[16] A. Sherstnev and R. S. Thorne, Eur. Phys. J. C 55, 553
(2008).

[17] T. Gleisberg, S. Hoeche, F. Krauss, M. Schonherr, S.
Schumann, F. Siegert, and J. Winter, J. High Energy
Phys. 02 (2009) 007.

[18] P.M. Nadolsky, H. L. Lai, Q. H. Cao, J. Huston, J.
Pumplin, D. Stump, W.K. Tung, and C.P. Yuan, Phys.
Rev. D 78, 013004 (2008).

[19] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and
A.D. Polosa, J. High Energy Phys. 07 (2003) 001.

[20] S. Frixione and B. R. Webber, J. High Energy Phys. 06
(2002) 029.

[21] J.M. Butterworth, J. R. Forshaw, and M.H. Seymour, Z.
Phys. C 72, 637 (1996).

[22] G. Corcella, I. G. Knowles, G. Marchesini, S. Moretti, K.
Odagiri, P. Richardson, M.H. Seymour, and B. R. Webber,
J. High Energy Phys. 01 (2001) 010.

[23] P. Golonka and Z. Wa̧s, Eur. Phys. J. C 45, 97 (2006).
[24] ATLAS Collaboration, Eur. Phys. J. C 70, 823 (2010).
[25] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 506, 250 (2003).

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

[27] A. Martin, W. Stirling, R. Thorne, and G. Watt, Eur. Phys.
J. C 63, 189 (2009).

[28] K. Melnikov and F. Petriello, Phys. Rev. D 74, 114017
(2006).

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

[30] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer,
and M. Wiedermann, Comput. Phys. Commun. 182, 1034
(2011).

[31] ATLAS Collaboration, Phys. Rev. Lett. 107, 272002
(2011).

[32] ATLAS Collaboration, arXiv:1110.3174.
[33] M. Cacciari, G. P. Salam, and S. Sapeta, J. High Energy

Phys. 04 (2010) 065.
[34] ATLAS Collaboration, Phys. Rev. D 83, 052005 (2011).
[35] ATLAS Collaboration, Eur. Phys. J. C 71, 1630 (2011);

ATLAS Collaboration, Report No. ATLAS-CONF-2011-
116, 2011 (unpublished).

[36] ATLAS Collaboration, arXiv:1112.2194.
[37] A. Caldwell, D. Kollar, and K. Kröninger, Comput. Phys.
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E. Gornicki,38 S. A. Gorokhov,127 V.N. Goryachev,127 B. Gosdzik,41 M. Gosselink,104 M. I. Gostkin,64

I. Gough Eschrich,162 M. Gouighri,134a D. Goujdami,134c M. P. Goulette,48 A.G. Goussiou,137 C. Goy,4

S. Gozpinar,22 I. Grabowska-Bold,37 P. Grafström,29 K-J. Grahn,41 F. Grancagnolo,71a S. Grancagnolo,15

V. Grassi,147 V. Gratchev,120 N. Grau,34 H.M. Gray,29 J. A. Gray,147 E. Graziani,133a O. G. Grebenyuk,120

T. Greenshaw,72 Z. D. Greenwood,24,m K. Gregersen,35 I.M. Gregor,41 P. Grenier,142 J. Griffiths,137

N. Grigalashvili,64 A.A. Grillo,136 S. Grinstein,11 Y. V. Grishkevich,96 J.-F. Grivaz,114 M. Groh,98 E. Gross,170

J. Grosse-Knetter,53 J. Groth-Jensen,170 K. Grybel,140 V. J. Guarino,5 D. Guest,174 C. Guicheney,33 A. Guida,71a,71b

S. Guindon,53 H. Guler,84,o J. Gunther,124 B. Guo,157 J. Guo,34 A. Gupta,30 Y. Gusakov,64 V.N. Gushchin,127

P. Gutierrez,110 N. Guttman,152 O. Gutzwiller,171 C. Guyot,135 C. Gwenlan,117 C. B. Gwilliam,72 A. Haas,142

S. Haas,29 C. Haber,14 H.K. Hadavand,39 D. R. Hadley,17 P. Haefner,98 F. Hahn,29 S. Haider,29 Z. Hajduk,38

H. Hakobyan,175 D. Hall,117 J. Haller,53 K. Hamacher,173 P. Hamal,112 M. Hamer,53 A. Hamilton,144b,p

S. Hamilton,160 H. Han,32a L. Han,32b K. Hanagaki,115 K. Hanawa,159 M. Hance,14 C. Handel,80 P. Hanke,57a

J. R. Hansen,35 J. B. Hansen,35 J. D. Hansen,35 P. H. Hansen,35 P. Hansson,142 K. Hara,159 G.A. Hare,136

T. Harenberg,173 S. Harkusha,89 D. Harper,86 R.D. Harrington,45 O.M. Harris,137 K. Harrison,17 J. Hartert,47

F. Hartjes,104 T. Haruyama,65 A. Harvey,55 S. Hasegawa,100 Y. Hasegawa,139 S. Hassani,135 M. Hatch,29 D. Hauff,98

S. Haug,16 M. Hauschild,29 R. Hauser,87 M. Havranek,20 B.M. Hawes,117 C.M. Hawkes,17 R. J. Hawkings,29

A. D. Hawkins,78 D. Hawkins,162 T. Hayakawa,66 T. Hayashi,159 D. Hayden,75 H. S. Hayward,72 S. J. Haywood,128

E. Hazen,21 M. He,32d S. J. Head,17 V. Hedberg,78 L. Heelan,7 S. Heim,87 B. Heinemann,14 S. Heisterkamp,35

L. Helary,4 C. Heller,97 M. Heller,29 S. Hellman,145a,145b D. Hellmich,20 C. Helsens,11 R. C.W. Henderson,70

M. Henke,57a A. Henrichs,53 A.M. Henriques Correia,29 S. Henrot-Versille,114 F. Henry-Couannier,82 C. Hensel,53
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L. Perini,88a,88b H. Pernegger,29 R. Perrino,71a P. Perrodo,4 S. Persembe,3a A. Perus,114 V. D. Peshekhonov,64

K. Peters,29 B. A. Petersen,29 J. Petersen,29 T. C. Petersen,35 E. Petit,4 A. Petridis,153 C. Petridou,153 E. Petrolo,131a

F. Petrucci,133a,133b D. Petschull,41 M. Petteni,141 R. Pezoa,31b A. Phan,85 P.W. Phillips,128 G. Piacquadio,29

E. Piccaro,74 M. Piccinini,19a,19b S.M. Piec,41 R. Piegaia,26 D. T. Pignotti,108 J. E. Pilcher,30 A. D. Pilkington,81

J. Pina,123a,c M. Pinamonti,163a,163c A. Pinder,117 J. L. Pinfold,2 J. Ping,32c B. Pinto,123a O. Pirotte,29 C. Pizio,88a,88b

M. Plamondon,168 M.-A. Pleier,24 A.V. Pleskach,127 A. Poblaguev,24 S. Poddar,57a F. Podlyski,33 L. Poggioli,114

T. Poghosyan,20 M. Pohl,48 F. Polci,54 G. Polesello,118a A. Policicchio,36a,36b A. Polini,19a J. Poll,74

V. Polychronakos,24 D.M. Pomarede,135 D. Pomeroy,22 K. Pommès,29 L. Pontecorvo,131a B.G. Pope,87

G.A. Popeneciu,25a D. S. Popovic,12a A. Poppleton,29 X. Portell Bueso,29 C. Posch,21 G. E. Pospelov,98 S. Pospisil,126

I. N. Potrap,98 C. J. Potter,148 C. T. Potter,113 G. Poulard,29 J. Poveda,171 R. Prabhu,76 P. Pralavorio,82 A. Pranko,14

S. Prasad,56 R. Pravahan,7 S. Prell,63 K. Pretzl,16 L. Pribyl,29 D. Price,60 J. Price,72 L. E. Price,5 M. J. Price,29

D. Prieur,122 M. Primavera,71a K. Prokofiev,107 F. Prokoshin,31b S. Protopopescu,24 J. Proudfoot,5 X. Prudent,43

M. Przybycien,37 H. Przysiezniak,4 S. Psoroulas,20 E. Ptacek,113 E. Pueschel,83 J. Purdham,86 M. Purohit,24,aa

P. Puzo,114 Y. Pylypchenko,62 J. Qian,86 Z. Qian,82 Z. Qin,41 A. Quadt,53 D. R. Quarrie,14 W.B. Quayle,171

F. Quinonez,31a M. Raas,103 V. Radescu,57b B. Radics,20 P. Radloff,113 T. Rador,18a F. Ragusa,88a,88b G. Rahal,176

A.M. Rahimi,108 D. Rahm,24 S. Rajagopalan,24 M. Rammensee,47 M. Rammes,140 A. S. Randle-Conde,39

K. Randrianarivony,28 P. N. Ratoff,70 F. Rauscher,97 T. C. Rave,47 M. Raymond,29 A. L. Read,116

D.M. Rebuzzi,118a,118b A. Redelbach,172 G. Redlinger,24 R. Reece,119 K. Reeves,40 A. Reichold,104

E. Reinherz-Aronis,152 A. Reinsch,113 I. Reisinger,42 C. Rembser,29 Z. L. Ren,150 A. Renaud,114 P. Renkel,39

M. Rescigno,131a S. Resconi,88a B. Resende,135 P. Reznicek,97 R. Rezvani,157 A. Richards,76 R. Richter,98

E. Richter-Was,4 M. Ridel,77 M. Rijpstra,104 M. Rijssenbeek,147 A. Rimoldi,118a,118b L. Rinaldi,19a R. R. Rios,39

I. Riu,11 G. Rivoltella,88a,88b F. Rizatdinova,111 E. Rizvi,74 S. H. Robertson,84,k A. Robichaud-Veronneau,117

D. Robinson,27 J. E.M. Robinson,76 M. Robinson,113 A. Robson,52 J. G. Rocha de Lima,105 C. Roda,121a,121b

D. Roda Dos Santos,29 D. Rodriguez,161 A. Roe,53 S. Roe,29 O. Røhne,116 V. Rojo,1 S. Rolli,160 A. Romaniouk,95

M. Romano,19a,19b V.M. Romanov,64 G. Romeo,26 E. Romero Adam,166 L. Roos,77 E. Ros,166 S. Rosati,131a

K. Rosbach,48 A. Rose,148 M. Rose,75 G. A. Rosenbaum,157 E. I. Rosenberg,63 P. L. Rosendahl,13 O. Rosenthal,140

L. Rosselet,48 V. Rossetti,11 E. Rossi,131a,131b L. P. Rossi,49a M. Rotaru,25a I. Roth,170 J. Rothberg,137 D. Rousseau,114

C. R. Royon,135 A. Rozanov,82 Y. Rozen,151 X. Ruan,32a,dd I. Rubinskiy,41 B. Ruckert,97 N. Ruckstuhl,104 V. I. Rud,96
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G. Spigo,29 F. Spila,131a,131b R. Spiwoks,29 M. Spousta,125 T. Spreitzer,157 B. Spurlock,7 R. D. St. Denis,52

J. Stahlman,119 R. Stamen,57a E. Stanecka,38 R.W. Stanek,5 C. Stanescu,133a S. Stapnes,116 E. A. Starchenko,127

J. Stark,54 P. Staroba,124 P. Starovoitov,90 A. Staude,97 P. Stavina,143a G. Stavropoulos,14 G. Steele,52 P. Steinbach,43

P. Steinberg,24 I. Stekl,126 B. Stelzer,141 H. J. Stelzer,87 O. Stelzer-Chilton,158a H. Stenzel,51 S. Stern,98

K. Stevenson,74 G. A. Stewart,29 J. A. Stillings,20 M. C. Stockton,84 K. Stoerig,47 G. Stoicea,25a S. Stonjek,98

P. Strachota,125 A. R. Stradling,7 A. Straessner,43 J. Strandberg,146 S. Strandberg,145a,145b A. Strandlie,116

M. Strang,108 E. Strauss,142 M. Strauss,110 P. Strizenec,143b R. Ströhmer,172 D.M. Strom,113 J. A. Strong,75,a
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vAlso at School of Physics and Engineering, Sun Yat-sen University, Guanzhou, China.
wAlso at Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan.
xAlso at DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay (Commissariat a l’Energie

Atomique), Gif-sur-Yvette, France.
yAlso at Section de Physique, Université de Genève, Geneva, Switzerland.
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