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Abstract. The ATLAS detector at the Large Hadron Collider is used to search
for excited electrons and excited muons in the channel pp → ``∗

→ ``γ ,
assuming that excited leptons are produced via contact interactions. The analysis
is based on 13 fb−1 of pp collisions at a centre-of-mass energy of 8 TeV. No
evidence for excited leptons is found, and a limit is set at the 95% credibility
level on the cross section times branching ratio as a function of the excited-
lepton mass m`∗ . For m`∗ > 0.8 TeV, the respective upper limits on σ B(`∗

→ `γ )

are 0.75 and 0.90 fb for the e∗ and µ∗ searches. Limits on σ B are converted into
lower bounds on the compositeness scale 3. In the special case where 3 = m`∗ ,
excited-electron and excited-muon masses below 2.2 TeV are excluded.
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1. Introduction

Although the Standard Model (SM) of particle physics is very successful at describing a large
range of phenomena, it does not provide an explanation for the generational structure and
mass hierarchy of quarks and leptons. Fermion compositeness models [1–6] aim at reducing
the number of fundamental matter constituents by describing SM fermions as bound states of
more-elementary particles. The existence of excited states would then be a direct consequence
of the fermion substructure.

This paper reports on searches for excited electrons (e∗) and excited muons (µ∗) using
13 fb−1 of pp collision data at a centre-of-mass energy of

√
s = 8 TeV recorded in 2012 with

the ATLAS detector at the Large Hadron Collider (LHC). Searches are based on a benchmark
model [6] that describes excited-fermion interactions using an effective Lagrangian. Excited
leptons (`∗) would be predominantly produced via four-fermion contact interactions, and are
expected to decay into a lepton and a gauge boson, or a lepton and a pair of fermions. All
unknown couplings of the model are set as in [6]. The contact interaction is then described by
the Lagrangian

Lcontact =
2π

32
jµ jµ, jµ = f Lγµ fL + f

∗

Lγµ f ∗

L + f
∗

Lγµ fL + h.c.,

where 3 is the compositeness scale, jµ is the fermion current for ground states ( f ) and excited
states ( f ∗), and ‘h.c.’ stands for Hermitian conjugate. The gauge-mediated decays are given by
the Lagrangian

LGM =
1

23
`

∗

Rσµν

[
g
τ a

2
W a

µν + g′
Y

2
Bµν

]
`L + h.c.,

where ` and `∗ are the lepton and excited-lepton fields, respectively, Wµν and Bµν are the
SU (2)L and U (1)Y field-strength tensors and g and g′ are the corresponding gauge couplings.
The searches described here focus on the single-production mechanism (qq → `∗±`∓) and the
electromagnetic radiative decay mode `∗

→ `γ . The signature thus consists of events containing
two same-flavour, opposite-charge leptons and a photon (`+`−γ final state). The kinematic
properties of the signal are determined by the excited-lepton mass (m`∗) and the compositeness
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scale (3). Due to unitarity constraints on contact interactions [6, 7], the model does not apply
in the regime m`∗ > 3. For most of the parameter space, the presence of excited leptons would
appear as a peak in the lepton–photon mass spectrum. However, for m`∗ ' 3, the width of the
resonance can become significantly larger than the experimental mass resolution of the detector.
To avoid this complication as well as the lepton–photon pairing ambiguity, a search is performed
for an excess in the ``γ invariant mass (m``γ ) spectrum.

Previous searches at LEP [8–11], HERA [12, 13] and the Tevatron [14–17] have found no
evidence for excited leptons. For the case where m`∗ = 3, e∗ and µ∗ masses below 1.9 TeV have
been excluded by both the ATLAS [18] and CMS [19] experiments using

√
s = 7 TeV data.

2. ATLAS detector

The ATLAS detector [20] consists of an inner tracking system surrounded by a superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer. It has a
forward–backward symmetric cylindrical geometry1 and nearly 4π coverage in solid angle.
Charged-particle tracks and vertices are reconstructed in silicon-based pixel and microstrip
tracking detectors that cover |η| < 2.5 and transition radiation detectors extending to |η| < 2.0.
A hermetic calorimeter system, which covers |η|< 4.9, surrounds the solenoid. The liquid-
argon electromagnetic calorimeter, which plays an important role in electron and photon
identification and measurement, is finely segmented for |η| < 2.5 to provide excellent energy
and position resolution. Hadron calorimetry is provided by an iron–scintillator tile calorimeter
in the central pseudorapidity range |η| < 1.7 and a liquid-argon calorimeter with copper or
tungsten as absorber material in the pseudorapidity range 1.5 < |η| < 4.9. A spectrometer is
installed outside the calorimeter to identify muons and measure their momenta with high
precision. The toroidal magnetic field of the muon spectrometer is provided by three air-core
superconducting 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 precise
coordinate measurement in the bending plane (r–z) in the region |η| < 2.7. A system consisting
of resistive-plate chambers for |η| < 1.05 and thin-gap chambers for 1.05 < |η| < 2.7 provides
measurement of the φ coordinate. It also provides triggering capability up to |η| = 2.4.

3. Simulated samples

The simulation of the excited-lepton signal is based on calculations from [6]. Signal samples
are generated at leading order (LO) with CompHEP 4.5.1 [21] using MSTW2008 LO [22]
parton distribution functions (PDFs). CompHEP is interfaced with Pythia version 8 [23, 24]
for the simulation of parton showers and hadronization. The emission of photons via initial-
state radiation and final-state radiation (FSR) is handled by Pythia. Only the single production
of excited leptons followed by a `∗

→ `γ decay is simulated.
For both the e∗ and µ∗ searches, the dominant background arises from Drell–Yan processes

accompanied by either a prompt photon from initial- or final-state radiation (Z + γ ) or a jet
misidentified as a photon (Z + jets). The Z + γ background results in the same final state as the

1 ATLAS uses a right-handed coordinate system with the z-axis along the beam pipe. The x-axis points to the
centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse
plane, φ being the azimuthal angle. The pseudorapidity is defined in terms of the polar angle θ as η = −ln tan(θ/2).
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signal, whereas the Z + jets background is suppressed by imposing stringent requirements on
the quality and isolation of the reconstructed photon. Small contributions from t t̄ and diboson
(W W , W Z and Z Z ) production are also present in both channels. In the electron channel,
the W + γ + jets background contributes to the eeγ selection when a jet is misidentified as an
electron. Backgrounds from W + jets and multi-jet events, including semileptonic decays of
heavy-flavour hadrons, are suppressed by requiring the leptons and the photon to be isolated,
and have negligible contribution to the total background after selection.

The Z + γ sample is generated with Sherpa 1.4.1 [25] using CT10 [26] PDFs and includes
the LO emission of up to three partons in the initial state. To avoid phase-space regions where
matrix elements diverge, the angular separation between the photon and each lepton is required
to be 1R(`, γ ) =

√
(1η)2 + (1φ)2 > 0.1 and the transverse momentum of the photon (pγ

T ) is
required to be above 10 GeV. To ensure adequate statistics, 1.2 million events (equivalent to
37 fb−1) were generated for each of the electron and muon channels.

The Z + jets and W + γ + jets backgrounds are generated with Alpgen 2.13 [27] using
CTEQ6L1 [28] PDFs. The t t̄ background is produced with MC@NLO 3.41 [29] with CT10
PDFs. In both cases, Jimmy 4.31 [30] is used to describe multiple parton interactions and
Herwig 6.510 [31] is used to simulate the remaining underlying event, parton showers and
hadronization. The diboson processes are generated with Powheg [32] and Pythia using CT10
PDFs. For all these samples, FSR is handled by Photos [33]. To remove overlaps between the
Z + jets and Z + γ samples, Z + jets events with prompt photons are rejected if pγ

T > 10 GeV and
1R(`, γ ) > 0.1. The predictions for Z + jets and W + γ + jets backgrounds are normalized
using the data-driven techniques described in section 5. Cross sections for diboson processes
are evaluated at next-to-LO [34] and the t t̄ cross section is calculated at approximate-next-to-
next-to-LO [35], with uncertainties of 5% and +10%

−9% , respectively.
The generated samples are processed using a detailed detector simulation [36] based on

Geant4 [37] to propagate the particles and account for the detector response. Monte Carlo
(MC) minimum-bias events are overlaid on both the signal and background processes to
simulate the effect of additional pp collisions (pile-up). Simulated events are weighted so that
the distribution of the expected number of interactions per event agrees with the data, with an
average of 20 interactions per bunch crossing.

4. Data and selection

The data were collected between April and October 2012 during stable-beam periods of
√

s =

8 TeV pp collisions, and correspond to an integrated luminosity of 13.0 fb−1 for the electron
channel and 12.8 fb−1 for the muon channel [38]. For the e∗ search, a trigger relying only on
calorimetric information is used to select events. It requires two electromagnetic clusters with
transverse momentum (pT) thresholds of 35 and 25 GeV for the leading and subleading clusters,
respectively, with loose shower-shape requirements aiming to select electrons and photons. For
the µ∗ search, a single-muon trigger is used. It requires a track to be reconstructed in both the
muon spectrometer and the inner detector with a combined track pT > 24 GeV.

Offline, events are selected if they contain at least two lepton candidates and a photon
candidate. A primary vertex with at least three associated charged-particle tracks with pT >

0.4 GeV is also required. If several vertices fulfil this requirement, the vertex with the largest
6p2

T is selected, where the sum is over all reconstructed tracks associated with the vertex.
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Each electron candidate is formed from a cluster of cells in the electromagnetic calorimeter
associated with a charged-particle track in the inner detector. For the e∗ search, two electron
candidates are required. Their transverse momentum (pe

T) must satisfy pe
T > 40 GeV (30 GeV)

for the leading (subleading) electron. Both electrons must be reconstructed within the range
|η| < 2.47 and not in the transition region 1.37 < |η| < 1.52 between the barrel and endcap
calorimeters. The ATLAS medium electron identification criteria [39] for 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 energy is obtained from the calorimeter
measurement, and its direction is given by the associated track. A hit in the innermost layer
of the pixel detector is required (if an active pixel layer is traversed) to suppress background
from photon conversions. To suppress background from jets, the highest-pT 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 1R = 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 pile-up
from additional pp collisions to make the isolation variable essentially independent of pe

T. The
electron trigger and reconstruction efficiencies are evaluated using tag-and-probe techniques
with Z → ee events [39] for data and MC simulation. Correction factors are extracted in several
η × pe

T bins and applied to the simulation. In cases where more than two electrons are found to
satisfy the above requirements, the pair with the largest invariant mass is chosen. No requirement
is applied to the electric charge of the electrons, as it could induce an inefficiency in the signal
selection for high-pT electrons due to charge misidentification.

Each muon candidate has to be reconstructed independently in both the inner detector
and the muon spectrometer. Its momentum is determined from a combined fit to these two
measurements. For the µ∗ search, two muon candidates with a transverse momentum (pµ

T )
above 25 GeV are required. Both muons must have a minimum number of hits in the inner
detector and hits in each of the inner, middle and outer layers of the muon spectrometer. This
requirement, which restricts the muon acceptance to |η| < 2.5, guarantees a precise momentum
measurement. Muons with hits in the barrel–endcap overlap regions of the muon spectrometer
(1.05. |η|. 1.4) are discarded because of the limited coverage with drift-tube chambers in
this angular range. To suppress background from cosmic rays, the muon tracks are required to
have transverse and longitudinal impact parameters |d0| < 0.2 and |z0| < 1 mm with respect to
the selected primary vertex. To reduce background from heavy-flavour hadrons, each muon is
required to be isolated such that 6pT/pµ

T < 5%, where the sum is over inner-detector tracks
with pT > 1 GeV that are contained in a cone of radius 1R = 0.3 surrounding the candidate
muon track, the latter being excluded from the sum. The muon trigger and reconstruction
efficiencies are evaluated using tag-and-probe techniques with Z → µµ events [40], and
η-dependent corrections to be applied to the simulation are determined. The two muons are
additionally required to have opposite electric charge. In cases where more than one pair of
muons are found to satisfy the above requirements, the pair with the largest invariant mass is
considered.

Each photon candidate is formed from a cluster of cells in the electromagnetic calorimeter.
A photon can be reconstructed either as an unconverted photon, with no associated track, or
as a photon that converted to an electron–positron pair, associated with one or two tracks.
The presence of at least one photon candidate with pγ

T > 30 GeV and |η| < 2.37 is required
in both channels. As for electrons, photons within the transition region between the barrel
and endcap calorimeters are excluded. Photon candidates are required to satisfy the ATLAS
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tight photon definition [41]. This selection includes constraints on the energy leakage into the
hadronic calorimeter as well as stringent requirements on the energy distribution in the first
and second sampling layers of the electromagnetic calorimeter. These requirements increase the
purity of the selected photon sample by rejecting most of the jet background, including jets with
a leading neutral hadron (usually a π 0) that decays into a pair of collimated photons. The photon-
identification efficiency and shower shapes in the electromagnetic calorimeter are studied using
FSR photons from Z boson decays with loose lepton–photon separation requirements. Shower
shapes are then adjusted in the simulation so that the resulting photon-identification efficiency
matches the efficiency measured in data [42].

To further reduce background from misidentified jets, photon candidates are required to be
isolated by demanding that either E iso

T < 10 GeV or E iso
T /pγ

T < 1%, where E iso
T is the sum of the

transverse energies of the clusters within a cone of radius 1R = 0.4 surrounding the photon.
As for the electron isolation, the clusters from the photon energy deposition are excluded
and the sum is corrected for transverse shower leakage and pile-up. The relative-isolation
criterion reduces the efficiency loss for high-pT photons (pγ

T > 1 TeV). Since the photon and the
leptons are expected to be well separated for the excited-lepton signal, only photons satisfying
1R(`, γ ) > 0.7 are retained. This requirement is effective at suppressing Drell–Yan events with
FSR photons that are typically highly collimated with the leptons. If more than one photon
candidate in an event satisfy the above requirements, the one with the largest pT is used in the
search.

Finally, two additional requirements are applied to drastically reduce the background
level. The first one, referred to as the ‘Z veto’ in the following, requires the dilepton mass
to satisfy m`` > 110 GeV. The second is a variable lower bound on the dilepton–photon mass
that defines the signal search region. As a result of optimization studies, the signal region for
m`∗ < 900 GeV is m``γ > m`∗ + 150 GeV. For m`∗ > 900 GeV, it is fixed to m``γ > 1050 GeV.
The signal efficiency for these two requirements is above 98% for m`∗ > 200 GeV.

The total signal acceptance times efficiency (A × ε) is shown in figure 1 as a function of
the excited-lepton mass. For low values of m`∗ , the photon and the leptons tend to be produced
more forward and have a softer pT spectrum than at high mass, which explains the decrease in
A × ε. The lower geometrical acceptance in the muon channel is due to the requirement of hits
in all three layers of precision chambers.

5. Background determination

Most of the background predictions are estimated with MC samples normalized with calculated
cross sections and the measured integrated luminosity of the data. Because the misidentification
of jets as photons is not accurately modelled in the simulation, the Z + jets background is
instead normalized to the data using a control region defined as 70 < m`` < 110 GeV, where
the contribution from signal events is at most 3% for m`∗ > 200 GeV. In this control region, the
number of Z + jets events is estimated by subtracting from the data all simulated backgrounds
except Z + jets. The normalization of the Z + jets MC sample is corrected accordingly by a scale
factor, separately determined to be 0.53 ± 0.10 for both the electron and muon channels. The
quoted uncertainty combines the statistical uncertainties on the data and simulated backgrounds
and the uncertainty on the Z + γ cross section. Other sources of uncertainty including the
integrated luminosity and the cross sections of the t t̄ and diboson processes are negligible.
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Figure 1. Acceptance times efficiency (A × ε) of the excited-lepton selection as
a function of the excited-lepton mass (m`∗), evaluated for a compositeness scale
of 5 TeV. The uncertainties correspond to the sum in quadrature of the statistical
uncertainty and systematic uncertainties associated with the lepton and photon
efficiencies.

Scale factors were evaluated in different pγ

T bins, and results are consistent within statistical
uncertainties.

In the electron channel, the W + γ + jets background is also normalized to the data
because of the imperfect modelling of the jet-to-electron fake rate. For this background
only, the identification criteria were relaxed for one electron to increase the MC statistics.
The W + γ + jets normalization is derived using a likelihood template fit to the data, in the
same control region as for Z + jets. The fit is simultaneously performed on transverse mass
distributions mT(e1, Emiss

T ) and mT(e2, Emiss
T ), where Emiss

T denotes the magnitude of the missing
transverse momentum, which is calculated [43] from calorimeter cells with |η| < 4.9 using
the local energy calibration of electrons, photons, hadronically decaying τ -leptons and jets.
Cells belonging to clusters not associated with such reconstructed objects as well as cells
associated with a muon candidate are also included. The transverse mass is mT(ei , Emiss

T ) =√
2pei

T Emiss
T (1 − cos 1φ), where 1φ is the angle between the transverse momentum of electron i

(pei
T ) and the missing transverse momentum. The only floating parameter in the fit is the scale

factor of the W + γ + jets background, which is found to be 0.22+0.25
−0.22 (stat ⊕ syst). Systematic

uncertainties account for correlations between the two mT variables, the choice of control
region in which the fit is performed, the loosening of the electron identification criteria, and
the dependence on the Z + jets scale factor.

The numbers of events in the control region (70 < m`` < 110 GeV) and the numbers after
the Z veto (m`` > 110 GeV) are shown in table 1 after scaling the Z + jets background, as well as
the W + γ + jets background in the electron channel. In the control region, by construction, the
total background is equal to the number of events in data. After the Z veto, the observed data
are found to be consistent with the background prediction. Good agreement is also observed
between data and background in the control region for the lepton and photon kinematic
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Table 1. Data yields and background expectations in the control region and after
the Z veto. The Z + jets and W + γ + jets backgrounds are scaled as described
in the text. The uncertainties shown are purely from MC statistics, except for
Z + jets and W + γ + jets where the statistical uncertainty on the associated scale
factor is reported.

Regions (GeV)

Samples 70 < mee < 110 mee > 110 70 < mµµ < 110 mµµ > 110

Z + γ 1235 ± 25 208 ± 10 1067 ± 22 131 ± 8
Z + jets 371 ± 48 25 ± 7 334 ± 43 12 ± 3
t t̄ , diboson 18 ± 1 19 ± 2 16 ± 1 6 ± 1
W + γ + jets 9 ± 9 21 ± 21 – –

Total MC 1633 ± 55 273 ± 24 1417 ± 48 149 ± 8

Data 1633 263 1417 147
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Figure 2. Distributions of the transverse momentum of the photon (pγ

T ) for the
electron (a) and muon (b) channels, in the control region defined by the dilepton
mass range 70 < m`` < 110 GeV. The background uncertainty corresponds to the
sum in quadrature of the statistical uncertainties and the uncertainty in the data-
driven Z + jets normalization.

distributions. In particular, figure 2 shows that the background prediction for the photon pT

distribution matches the data for both the e∗ and µ∗ searches.
Because only a small fraction of the simulated background events survive the m`` >

110 GeV requirement, the m``γ distributions of dominant backgrounds are separately fitted with
an exponential function and extrapolated to the high-mass region. The binned results of these
fits are used as final background estimates in the statistical analysis. The same operation is
performed for the m`γ distribution of each background, although in this case, the fit results are
not used in any numerical analysis. The resulting background estimates are shown in figures 3
and 4 as functions of the invariant mass of the `γ and ``γ systems, respectively. For table 1 and
figures 2–4, the lower bound on m``γ described in section 4 is not applied.
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Figure 3. Distributions of the `γ invariant mass (m`γ ) for the electron (a) and
muon (b) channels after requiring the dilepton mass to satisfy m`` > 110 GeV.
Combinations with both the leading and subleading leptons are shown. The
binned results of exponential fits are used for all backgrounds. The background
uncertainty corresponds to the sum in quadrature of the statistical and systematic
uncertainties. The last bin contains the sum of all entries with m`γ > 875 GeV.
Signal predictions for three different values of the excited-lepton mass (m`∗) with
a compositeness scale (3) of 10 TeV are also shown.
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Figure 4. Distributions of the ``γ invariant mass (m``γ ) for the electron (a) and
muon (b) channels after requiring the dilepton mass to satisfy m`` > 110 GeV.
The binned results of exponential fits are used for the Z + γ , Z + jets, t t̄ and
W + γ + jets backgrounds. The background uncertainty combining the statistical
and systematic uncertainties is displayed as the hatched area. The last bin
contains the sum of all events with m``γ > 1350 GeV. Signal predictions for three
different values of the excited-lepton mass (m`∗) with a compositeness scale (3)
of 10 TeV are also shown.
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Table 2. Dominant uncertainties on the expected numbers of events for the
lowest-mass search region, m``γ > 350 GeV. The theory uncertainty reported for
the background corresponds to the uncertainty on the Z + γ cross section only.

e∗ (%) µ∗ (%)

Source Signal Background Signal Background

Theory 1 +25
−16 1 +25

−16

Statistics – 18 – 21
Luminosity 3 3 3 3
Efficiencies 5 5 5 5

6. Systematic uncertainties

The most important sources of uncertainty are discussed below and summarized in table 2.
A large part of the background uncertainty comes from the Z + γ cross-section calculation.
It includes the renormalization and factorization scale uncertainties, obtained by varying
independently each scale by a factor of two, as well as uncertainties in the PDFs and the
strong coupling constant αs. These uncertainties are evaluated by generating Z + γ Sherpa
samples for the 52 CT10 eigenvector PDF sets, the four CT10.AS PDF sets corresponding
to αs = 0.116, 0.117, 0.119 and 0.120, and the four combinations of scales. For m``γ >

350 GeV (m``γ > 1050 GeV), the resulting uncertainty is +25%
−16%

(
+32%
−18%

)
for both channels. Cross-

section uncertainties for the t t̄ and diboson processes have a negligible impact on the total
background uncertainty.

The statistical uncertainties associated with the m``γ fits contribute to the background
uncertainty at a comparable level at low mass, and become increasingly important at high
mass. The sum in quadrature of fit uncertainties, including uncertainties on data-driven scale
factors for the relevant backgrounds, increases from about ±20% for m``γ > 350 GeV in both
channels to +215%

−65%

(
+200%
−60%

)
for m``γ > 1050 GeV in the e∗ (µ∗) search. The main contributions

come from the Z + γ and Z + jets backgrounds, as well as the W + γ + jets background in the
electron channel.

Experimental systematic uncertainties that affect both the signal and background
yields include the uncertainty on the luminosity measurement and uncertainties in particle
reconstruction and identification as described below.

The uncertainty on the integrated luminosity is 2.8%. It is based on a preliminary
calibration of the luminosity scale derived from beam-separation scans [38] performed in
November 2012.

The total uncertainty on the photon reconstruction and identification efficiencies is 4% [42].
The combination of uncertainties on the electron trigger, reconstruction, identification and
isolation efficiencies results in a 2% uncertainty on both the signal efficiency and background
level. The combined uncertainty on the trigger, reconstruction and identification efficiencies for
muons is estimated to increase linearly as a function of m`∗ to about 2% for m`∗ = 2 TeV. This
uncertainty is dominated by the impact of large energy loss from muon bremsstrahlung in the
calorimeter. The sum in quadrature of the lepton and photon uncertainties for the lowest m``γ

threshold is shown in table 2. Uncertainties on the energy scale and resolution for final-state
objects have a negligible effect on signal and background selection efficiencies.
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Table 3. Data yields and background expectation as a function of a lower bound
on meeγ for the e∗ search. The uncertainties represent the sum in quadrature of
the statistical and systematic uncertainties.

meeγ region (GeV) Z + γ Total background Data

>350 53+16
−14 69+18

−16 60

>450 27 ± 9 34+11
−10 19

>550 14+6
−5 17+7

−6 12

>650 7.0+3.6
−3.3 8.7+4.8

−3.4 7

>750 3.5+2.5
−1.9 4.4+3.4

−2.0 3

>850 1.8+1.8
−1.1 2.2+2.5

−1.1 2

>950 0.9+1.2
−0.6 1.1+1.7

−0.6 1

>1050 0.4+0.8
−0.3 0.5+1.2

−0.4 1

Table 4. Data yields and background expectation as a function of a lower bound
on mµµγ for the µ∗ search. The uncertainties represent the sum in quadrature of
the statistical and systematic uncertainties.

mµµγ region (GeV) Z + γ Total background Data

>350 33+11
−9 40+11

−10 32

>450 17 ± 6 21+7
−6 12

>550 8.7+3.8
−3.6 11+5

−4 3

>650 4.4+2.4
−2.2 5.9+3.5

−2.6 3

>750 2.2+1.5
−1.3 3.2+2.6

−1.6 2

>850 1.1+1.0
−0.8 1.7+2.0

−0.9 1

>950 0.6+0.7
−0.4 0.9+1.5

−0.6 0

>1050 0.3+0.5
−0.2 0.5+1.0

−0.3 0

The impact of the `∗ decay width on the signal selection efficiency was also investigated.
The decay width is computed with formulas given in [6]. It increases with m`∗ and decreases
with 3, and over the 3–m`∗ region accessible in these searches, it ranges from ' 1 MeV to
' 200 GeV. Signal efficiencies were computed at the generator level for different values of 3,
and efficiency variations were observed to be at most 1%, which is negligible compared to the
other uncertainties in the selection efficiency.

7. Results

The m``γ distributions are shown in figure 4 for the data, the expected backgrounds, and
three signal predictions. The expected and observed numbers of events in each of the search
regions, used for the statistical analysis, are shown in tables 3 and 4 for the electron and muon
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Figure 6. Exclusion limits in the compositeness scale (3) versus excited-lepton
mass (m`∗) parameter space for the electron (a) and muon (b) channels. The filled
area is excluded at 95% CL. No limits are set in the dark shaded region m`∗ > 3

where the model is not applicable.

channels, respectively. The uncertainties include both the statistical and systematic contributions
as described earlier. The data are consistent with the background expectation, and no significant
excess is observed in the signal region.

An upper limit on the cross section times branching ratio σ(pp → ``∗) × B(`∗
→ `γ )

is determined for each channel and each m`∗ hypothesis at the 95% credibility level (CL)
using a Bayesian approach [44] with a flat positive prior for σ B. Systematic uncertainties
are incorporated into the limit calculation as nuisance parameters with Gaussian priors.
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Uncertainties in particle reconstruction and identification efficiencies as well as the uncertainty
on the luminosity are fully correlated between signal and backgrounds. All other uncertainties
are uncorrelated. The expected limit is evaluated as the median of the upper-limit distribution
obtained with a set of background-only pseudo-experiments. Figure 5 shows the 95% CL
expected and observed limits on σ B for the e∗ and µ∗ searches. For m`∗ > 800 GeV, the
observed upper limits are 0.75 and 0.90 fb for the electron and muon channels, respectively.
The sensitivity to the prior for σ B was studied using a reference prior [45], resulting in 20–25%
better limits for both channels. Theoretical predictions of σ B for three different values of 3 are
also displayed in figure 5, along with the uncertainties from renormalization and factorization
scales and PDFs. These uncertainties are shown for illustrative purpose only and are not used
when setting limits.

For each m`∗ hypothesis, the limit on σ B is then translated into a lower bound on the
compositeness scale. This bound corresponds to the value of 3 for which the theoretical
prediction σ B(m`∗, 3) is equal to the upper limit on σ B. The excluded region in the 3–m`∗

plane is shown in figure 6 for both the e∗ and µ∗ searches. For m`∗ = 3, excited-electron and
excited-muon masses are both excluded at 95% CL up to 2.2 TeV. The limits obtained with
√

s = 7 TeV data by ATLAS [18] and CMS [19] are also shown.

8. Conclusions

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

√
s = 8 TeV pp collisions corresponding to an integrated

luminosity of 13 fb−1. The observed data are consistent with SM background expectations. An
upper limit is set at 95% CL on the cross section times branching ratio σ B(`∗

→ `γ ) as a
function of the excited-lepton mass. For m`∗ > 0.8 TeV, the respective limits on σ B are 0.75
and 0.90 fb for the e∗ and µ∗ searches. These upper limits are converted into lower bounds on
the compositeness scale 3. In the special case where 3 = m`∗ , excited-electron and excited-
muon masses below 2.2 TeV are excluded.
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A Manfredini100, L Manhaes de Andrade Filho24b, J A Manjarres Ramos137, A Mann99,

New Journal of Physics 15 (2013) 093011 (http://www.njp.org/)

http://www.njp.org/


20

P M Manning138, A Manousakis-Katsikakis9, B Mansoulie137, R Mantifel86, L Mapelli30,
L March168, J F Marchand29, F Marchese134a,134b, G Marchiori79, M Marcisovsky126,
C P Marino170, C N Marques125a, F Marroquim24a, Z Marshall15, L F Marti17, S Marti-
Garcia168, B Martin30, B Martin89, J P Martin94, T A Martin171, V J Martin46, B Martin dit
Latour49, H Martinez137, M Martinez12,197, S Martin-Haugh150, A C Martyniuk170, M Marx139,
F Marzano133a, A Marzin112, L Masetti82, T Mashimo156, R Mashinistov95, J Masik83,
A L Maslennikov108, I Massa20a,20b, N Massol5, P Mastrandrea149, A Mastroberardino37a,37b,
T Masubuchi156, H Matsunaga156, T Matsushita66, P Mättig176, S Mättig42, J Mattmann82,
C Mattravers119,184, J Maurer84, S J Maxfield73, D A Maximov108,187, R Mazini152,
L Mazzaferro134a,134b, M Mazzanti90a, G Mc Goldrick159, S P Mc Kee88, A McCarn166,
R L McCarthy149, T G McCarthy29, N A McCubbin130, K W McFarlane56,223, J A Mcfayden140,
G Mchedlidze51b, T Mclaughlan18, S J McMahon130, R A McPherson170,190, A Meade85,
J Mechnich106, M Mechtel176, M Medinnis42, S Meehan31, R Meera-Lebbai112, S Mehlhase36,
A Mehta73, K Meier58a, C Meineck99, B Meirose80, C Melachrinos31, B R Mellado
Garcia146c, F Meloni90a,90b, L Mendoza Navas163, A Mengarelli20a,20b, S Menke100, E Meoni162,
K M Mercurio57, S Mergelmeyer21, N Meric137, P Mermod49, L Merola103a,103b, C Meroni90a,
F S Merritt31, H Merritt110, A Messina30,207, J Metcalfe25, A S Mete164, C Meyer82, C Meyer31,
J-P Meyer137, J Meyer30, J Meyer54, S Michal30, R P Middleton130, S Migas73, L Mijović137,
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M Morii57, S Moritz82, A K Morley148, G Mornacchi30, J D Morris75, L Morvaj102,
H G Moser100, M Mosidze51b, J Moss110, R Mount144, E Mountricha10,208, S V Mouraviev95,223,
E J W Moyse85, R D Mudd18, F Mueller58a, J Mueller124, K Mueller21, T Mueller28,
T Mueller82, D Muenstermann49, Y Munwes154, J A Murillo Quijada18, W J Murray130,
I Mussche106, E Musto153, A G Myagkov129,209, M Myska126, O Nackenhorst54, J Nadal12,
K Nagai61, R Nagai158, Y Nagai84, K Nagano65, A Nagarkar110, Y Nagasaka59, M Nagel100,
A M Nairz30, Y Nakahama30, K Nakamura65, T Nakamura156, I Nakano111, H Namasivayam41,
G Nanava21, A Napier162, R Narayan58b, M Nash77,184, T Nattermann21, T Naumann42,
G Navarro163, H A Neal88, P Yu Nechaeva95, T J Neep83, A Negri120a,120b, G Negri30,
M Negrini20a, S Nektarijevic49, A Nelson164, T K Nelson144, S Nemecek126, P Nemethy109,
A A Nepomuceno24a, M Nessi30,210, M S Neubauer166, M Neumann176, A Neusiedl82,
R M Neves109, P Nevski25, F M Newcomer121, P R Newman18, D H Nguyen6, V Nguyen
Thi Hong137, R B Nickerson119, R Nicolaidou137, B Nicquevert30, J Nielsen138, N Nikiforou35,
A Nikiforov16, V Nikolaenko129,209, I Nikolic-Audit79, K Nikolics49, K Nikolopoulos18,
P Nilsson8, Y Ninomiya156, A Nisati133a, R Nisius100, T Nobe158, L Nodulman6, M Nomachi117,
I Nomidis155, S Norberg112, M Nordberg30, J Novakova128, M Nozaki65, L Nozka114,
K Ntekas10, A-E Nuncio-Quiroz21, G Nunes Hanninger87, T Nunnemann99, E Nurse77,
B J O’Brien46, F O’grady7, D C O’Neil143, V O’Shea53, L B Oakes99, F G Oakham29,185,
H Oberlack100, J Ocariz79, A Ochi66, M I Ochoa77, S Oda69, S Odaka65, J Odier84, H Ogren60,
A Oh83, S H Oh45, C C Ohm30, T Ohshima102, W Okamura117, H Okawa25, Y Okumura31,

New Journal of Physics 15 (2013) 093011 (http://www.njp.org/)

http://www.njp.org/


21

T Okuyama156, A Olariu26a, A G Olchevski64, S A Olivares Pino46, M Oliveira125a,188,
D Oliveira Damazio25, E Oliver Garcia168, D Olivito121, A Olszewski39, J Olszowska39,
A Onofre125a,211, P U E Onyisi31,212, C J Oram160a, M J Oreglia31, Y Oren154, D Orestano135a,135b,
N Orlando72a,72b, C Oropeza Barrera53, R S Orr159, B Osculati50a,50b, R Ospanov121, G Otero
y Garzon27, H Otono69, J P Ottersbach106, M Ouchrif136d, E A Ouellette170, F Ould-Saada118,
A Ouraou137, K P Oussoren106, Q Ouyang33a, A Ovcharova15, M Owen83, S Owen140, V
E Ozcan19a, N Ozturk8, K Pachal119, A Pacheco Pages12, C Padilla Aranda12, S Pagan Griso15,
E Paganis140, C Pahl100, F Paige25, P Pais85, K Pajchel118, G Palacino160b, S Palestini30,
D Pallin34, A Palma125a, J D Palmer18, Y B Pan174, E Panagiotopoulou10, J G Panduro Vazquez76,
P Pani106, N Panikashvili88, S Panitkin25, D Pantea26a, A Papadelis147a, Th D Papadopoulou10,
K Papageorgiou155,196, A Paramonov6, D Paredes Hernandez34, M A Parker28, F Parodi50a,50b,
J A Parsons35, U Parzefall48, S Pashapour54, E Pasqualucci133a, S Passaggio50a, A Passeri135a,
F Pastore135a,135b,223, Fr Pastore76, G Pásztor49,213, S Pataraia176, N D Patel151, J R Pater83,
S Patricelli103a,103b, T Pauly30, J Pearce170, M Pedersen118, S Pedraza Lopez168, M I Pedraza
Morales174, S V Peleganchuk108, D Pelikan167, H Peng33b, B Penning31, A Penson35,
J Penwell60, D V Perepelitsa35, T Perez Cavalcanti42, E Perez Codina160a, M T Pérez Garcı́a-
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116 LAL, Université Paris-Sud and CNRS/IN2P3, Orsay, France
117 Graduate School of Science, Osaka University, Osaka, Japan
118 Department of Physics, University of Oslo, Oslo, Norway
119 Department of Physics, Oxford University, Oxford, UK
120a INFN Sezione di Pavia, Italy
120b Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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134a INFN Sezione di Roma Tor Vergata, Roma, Italy
134b Dipartimento di Fisica, Università di Roma Tor Vergata, Roma, Italy
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