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Abstract

Results are presented of a search for compositeness in electrons and muons using a
data sample of pp collisions at a center-of-mass energy

√
s = 7 TeV collected with the

CMS detector at the LHC and corresponding to an integrated luminosity of 5.0 fb−1.
Excited leptons (`∗) are assumed to be produced via contact interactions in conjunc-
tion with a standard model lepton and to decay via `∗ → `γ, yielding a final state
with two energetic leptons and a photon. The number of events observed in data is
consistent with that expected from the standard model. The 95% confidence upper
limits for the cross section for the production and decay of excited electrons (muons),
with masses ranging from 0.6 to 2 TeV, are 1.48 to 1.24 fb (1.31 to 1.11 fb). Excited lep-
tons with masses below 1.9 TeV are excluded for the case where the contact interaction
scale equals the excited lepton mass. These are the best limits published to date.
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1 Introduction
The standard model (SM) of particle physics, albeit very successful, provides no explanation for
the three generation structure of the fermion families. Attempts to explain the observed hierar-
chy have led to a family of models postulating that quarks and leptons might be composite ob-
jects of fundamental constituents [1–7]. The fundamental constituents are bound by an asymp-
totically free gauge interaction that becomes strong at a characteristic scale Λ. Compositeness
models predict the existence of excited states of quarks (q∗) and leptons (`∗) at this character-
istic scale of the new binding interaction. Since these excited fermions couple to the ordinary
SM fermions, they can be produced via contact interactions in collider experiments and sub-
sequently decay radiatively to ordinary fermions through the emission of a W/Z/γ boson or
via contact interactions to other fermions. The excited leptons can also be produced via gauge-
mediated interactions, but the cross sections for these are negligible for the range of parameters
that are probed in this search and therefore this production mechanism is not considered. The
effective Lagrangian describing the interaction of excited fermions [7] is parametrized by the
scale Λ and by two factors f and f ′ representing the relative strength of the coupling between
the excited fermions and isovector and isoscalar gauge fields, respectively. In this Letter the
convention f = f ′ = 1 is adopted. The results for arbitrary f = f ′ > 0 can be simply obtained
by a rescaling of the scale Λ to Λ/ f .

Searches at LEP [8–11], HERA [12], and the Tevatron [13–16] found no evidence for excited
leptons. At the Large Hadron Collider (LHC) [17] at CERN, previous searches performed by the
CMS [18] and the ATLAS collaborations [19] have also shown no evidence for excited leptons.
At a center-of-mass energy of

√
s = 7 TeV, with 36 pb−1 of data [18], CMS has excluded cross

sections for the production and decay of the `∗ → `γ channels higher than 0.16 to 0.21 pb (0.14
to 0.19 pb) in the e∗ (µ∗) channel for excited lepton masses ranging from 0.2 TeV to 2 TeV. In
the same channels and with more integrated luminosity, ATLAS excluded cross sections higher
than 2.3 (4.5) fb for excited electrons (muons) masses above 0.9 TeV, and excluded e∗ (µ∗) with
masses M`∗ below 1.87 (1.75) TeV for the scale of contact interaction Λ = M`∗ [19].

This Letter presents a search for excited leptons, e∗ and µ∗, using a data sample of pp collisions
at a center-of-mass energy

√
s = 7 TeV collected with the CMS detector at the LHC in 2011 and

corresponding to an integrated luminosity of 5.0± 0.1 fb−1. The production of an excited lepton
in association with an oppositely charged lepton of the same flavor, via four-fermion contact
interactions, is considered. Thus when the excited lepton decays via `∗ → `γ, there are two
oppositely charged leptons and a photon in the final state.

2 The CMS detector
The central feature of the Compact Muon Solenoid (CMS) detector is a superconducting solenoid,
of 6 m internal diameter and 12.5 m in length, which provides an axial field of 3.8 T. Starting
from the collision point, the first three detector components inside the solenoid are the silicon
pixel and strip trackers; the lead-tungstate crystal electromagnetic calorimeter (ECAL), com-
prising a central (barrel) section and two forward (endcap) sections; and the brass/scintillator
hadron calorimeter (HCAL). Extensive forward calorimetry complements the coverage pro-
vided by the barrel and endcap detectors. The tracker consists of 10 layers of silicon strip
detectors in addition to the pixel detectors. Four stations of muon detectors are embedded
in the steel yoke of the superconducting solenoid, including forward sections in order to ex-
tend the covered pseudorapidity region up to |η| < 2.4. The pseudorapidity (η) is defined as
η = − ln[tan(θ/2)]. The CMS detector uses a right-handed coordinate system, with the origin
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at the nominal interaction point, the x axis pointing to the center of the LHC, the y axis pointing
up (perpendicular to the LHC plane), and the z axis along the anticlockwise-beam direction.
The polar angle θ is measured from the positive z axis and the azimuthal angle φ is measured
in the x-y plane. The projection of the momentum on to the x-y plane is used to define the
transverse momentum pT and the transverse energy ET. The details of the CMS detector are
described elsewhere [20].

3 Signal and background
The dominant, irreducible SM background in this search is Drell–Yan production of `+`−γ
where the final state photon is either radiated by an initial-state parton (initial-state radiation,
ISR), or originates from one of the final-state leptons (final-state radiation, FSR). The second-
most important background is due to Drell–Yan production associated with jets (Z+jets), where
a jet is misidentified as a photon (see Section 5). Another important background in the e∗ chan-
nel is due to W+jets events with an FSR or ISR photon where a jet is misidentified as an electron.
In the µ∗ channel, backgrounds from these W+jets processes that lead to one true, one misiden-
tified muon, and a true photon in the final state have been estimated to be negligible. Other less
significant backgrounds originate from diboson events (WW, WZ, ZZ), tt production, and, for
the electron channel, γγ production. These backgrounds are mainly suppressed by requiring
high transverse momentum thresholds on the leptons and photon. Backgrounds arising from
misidentified photons or misidentified electrons are estimated using a data-driven technique
which is described in Section 5. The other backgrounds are estimated from the simulation.

Signal samples in both electron and muon channels are produced using PYTHIA 6.424 [21]
(PYTHIA 8.145 [22]) based on the leading order (LO) compositeness model described in Ref. [7].
The signal cross sections are estimated with the Q2 scale set to the square of the mass of the
excited lepton (M2

`∗).

Samples are obtained for different values of the excited lepton mass and Λ = 4 TeV, with the
CTEQ6L1 [23] parametrization for the parton distribution functions. This particular choice of
the value of Λ has no impact on the simulated kinematics and all results are presented inde-
pendently of the value of Λ, except for the signal yield in Fig. 1 and Fig. 2. The SM background
samples: Z+γ, W+γ, tt, Z+ jets, W+ jets, and WW are generated with MADGRAPH 4.5.1 [24].
PYTHIA has been used to perform the fragmentation and hadronization of samples generated
with MADGRAPH. The diboson samples (WZ, ZZ) are generated using PYTHIA 6.424 [21].
For these SM background processes, the cross sections are scaled to the next-to-leading order
(NLO) cross sections obtained from the parton level integrator MCFM [25]. All Monte Carlo
events used in this analysis have been passed through the detailed simulation of the CMS de-
tector based on GEANT4 [26].

4 Event reconstruction and selection
Candidate events for the electron (muon) channel are selected using triggers with the lowest
possible thresholds on lepton transverse momentum. This corresponds to a transverse mo-
mentum threshold of 33 (24) GeV for the initial periods and 33 (40) GeV for the later periods of
data collection in the electron (muon) channel. The trigger thresholds were raised in response
to the increased mean instantaneous luminosity. For the leptons selected in the analysis, the
trigger efficiencies are 100% (97%) in the electron (muon) channel. The two leptons and the
photon in signal events are expected to be isolated from other particles in the event. This can
be quantified by isolation variables, obtained by summing the energy deposits present inside a
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Figure 1: The distribution of events as a function of Mmin
`γ (left) and Mmax

`γ (right), expected in the
presence of an excited electron with a mass of 0.2 TeV. The red dotted histogram corresponds
to the contribution from the standard model backgrounds containing two real electrons and
a real photon. The blue slanting hatched (green horizontal hatched) histograms correspond to
the contribution from misidentified photon (electrons). The black solid circles correspond to the
observed data. The red solid line histogram corresponds to the signal distribution for a mass
of 0.2 TeV. The dark grey double hatched region shows the uncertainty in the SM expectation.
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Figure 2: Distribution of Mmin
`γ and Mmax

`γ for the excited electron analysis (left) and excited
muon analysis (right). The black solid circles, the red squares and the green open circles cor-
respond to the observed data, the background distribution and the signal distribution, respec-
tively. The optimized selection boundaries are shown for an excited lepton mass of 0.2 TeV. The
sample is normalized to 5 fb−1 of integrated luminosity.
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geometrical cone around the particle, in the tracker or in the calorimeters. Events with at least
one well-reconstructed primary vertex, one isolated high-pT photon, and two isolated high-pT
leptons are used in this analysis.

Electron identification is performed using clusters of localized energy deposits in the ECAL.
An energy deposit in the ECAL due to an electron is identified by imposing requirements on
shower shapes of the ECAL clusters and isolation variables as well as the ratio of the ener-
gies deposited in the hadron and electromagnetic calorimeters (H/E). A reconstructed track
correctly associated with an ECAL cluster is also required. For the electron channel, the elec-
trons are required to have a transverse energy ET > 35 (40) GeV in the ECAL barrel (endcap)
and |η| < 2.5, excluding the transition region 1.4442 < |η| < 1.560 between the ECAL barrel
and endcap regions. The electron is required to be isolated both in the tracker and calorimeter
within a cone of radius ∆R ≡

√
(∆φ)2 + (∆η)2 < 0.3 around its direction. In the tracker, the

sum of the pT’s of the tracks, with track pT > 0.7 GeV and excluding tracks within an inner
cone of radius ∆R < 0.04 relative to the electron, is required to be less than 5 GeV. For the isola-
tion using the calorimeters, a variable Eiso

T is introduced, defined as the total sum of transverse
energy deposits excluding deposits associated with the electron. In the barrel, Eiso

T is required
to be less than 0.03ET + 2.0 GeV, and in the endcap: for ET < 50 GeV, the total Eiso

T is required
to be < 2.5 GeV; for ET > 50 GeV, it is required to be < 0.03ET + 1.0 GeV.

For photons, identification criteria on the shower shapes, isolation variables and H/E are ap-
plied to energy clusters in the ECAL. Photon candidates are required to have clusters with
ET > 35 GeV and to be in the central region (barrel) of the ECAL with |η| <1.4442. The photon
is also required to be isolated within a cone of radius ∆R < 0.4 around its direction, both in the
tracker and calorimeter. In the tracker, the sum of the transverse momenta of the tracks, exclud-
ing tracks within an inner cone of 0.04, is required to be less than 0.001pT + 2 GeV. In the ECAL,
the total Eiso

T in the barrel, excluding deposits associated with the photon, is required to be
<0.006ET + 4.2 GeV, whereas for the HCAL isolation, it is required to be <0.0025ET + 2.2 GeV.

Muons are reconstructed by combining tracks from the inner tracker and the outer muon sys-
tem, requiring at least one hit in the pixel tracker, hits in more than 8 tracker layers and track
segments reconstructed in at least two muon stations. Since the segments have multiple hits
which typically occur in different muon detectors and are therefore separated by thick layers
of iron, the latter requirement significantly reduces the probability of a hadron being misiden-
tified as a muon. For the muon channel, two muons are required with each having |η| < 2.1;
and the higher (lower) momentum muon must have pT > 45 (40) GeV. In order to reduce the
cosmic-rays muon background, the transverse impact parameters of both muon tracks with
respect to the primary vertex of the event are required to be less than 0.2 cm. Muon pairs which
are back-to-back in the transverse plane are rejected, with the angle between two muon tracks
< π − 0.02. Furthermore, the muon is required to be isolated such that the scalar sum of the
transverse momenta of all tracks originating at the interaction vertex, excluding the muon it-
self, within a ∆R < 0.3 cone around its direction is less than 10% of its pT.

In order to reject Drell–Yan events with final state radiation, the distance in (η, φ) coordinates
between the photon and the leading lepton, ∆R(`, γ) is required to be ∆R(`, γ) > 0.5 for ` = e
and ∆R(`, γ) > 0.7 for ` = µ. Two lepton-photon invariant masses can also be computed,
because the final state is composed of two leptons and one photon. For the electron channel,
the dielectron invariant mass is required to be above 60 GeV and each of the dielectron and
electron-photon invariant masses are required to be outside a±25 GeV window centered at the
nominal Z mass (91.19 GeV). For the muon channel, the dilepton invariant mass is required to
be 25 GeV above the nominal Z mass. Fig. 1 shows the distribution of Mmin

`γ and Mmax
`γ , the lower
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and higher invariant mass respectively. In the case of a signal, the correct assignment peaks at
the excited lepton mass. In the Mmin

`γ -Mmax
`γ plane, the signal is distributed along two mutually

perpendicular narrow bands. This shape determines the final selection cuts as outlined below
and is illustrated in Fig. 2 for M`∗ = 0.2 TeV. Identical boundaries are used for the electron
and muon channel. The only difference in the selection between the two channels is the Z veto,
which, in the electron channel, is also applied on electron-photon invariant mass.

The background is located in the low invariant mass region, while the signal populates the
higher invariant mass region. Using simulations, the boundaries of the signal region for a
given mass have been chosen to optimize the expected limit. The final values for different
excited lepton masses are shown in Table 1. For M`∗ = 0.2 TeV, the horizontal band is small,
in order to reduce the background contamination. For M`∗ = 0.4 TeV, a larger horizontal band
can be used, the increase of the background contamination being compensated by the gain in
signal efficiency. For higher excited lepton masses, the horizontal band is large to improve the
signal efficiency in regions where almost no background is present.

Table 1: Measured signal and expected background event numbers for the electron and muon
channels as a function of the mass of the excited lepton. The signal efficiency with its cor-
responding uncertainty is given as εsignal. The expected numbers of background events are
reported as Nbkgd with Clopper–Pearson errors [27] along with the observed data Ndata. The
boundaries values for Mmin

`γ and Mmax
`γ , which correspond to the signal region, are also given.

The signal efficiencies shown with † symbol are obtained from a polynomial curve fitted to the
reference mass points signal efficiencies.

M`∗ Mmin
`γ Mmax

`γ Electron channel Muon channel

(TeV) (TeV) (TeV) εsignal (%) Nbkgd Ndata εsignal (%) Nbkgd Ndata

0.2 0.19-0.21 0.20-0.21 24.8 ± 1.8 1.0 +1.1
−0.5 2 28.2 ± 1.3 1.2+1.7

−0.6 2

0.3 0.23-0.37 0.29-0.31 30.0 ± 2.2 † 1.2 +2.1
−0.8 1 34.4 ± 1.6 † 5.4+2.6

−1.8 2

0.4 0.28-0.52 0.38-0.41 32.7 ± 2.4 0.1 +1.4
−0.1 1 39.1 ± 1.8 1.6+2.0

−0.9 3

0.5 0.35-0.65 0.47-0.53 34.8 ± 2.6 † 0.0 +1.4
−0.0 1 42.1 ± 1.9 † 0.0+1.4

−0.0 1

0.6 0.42-0.78 0.55-0.64 36.6 ± 2.6 0.0 +1.4
−0.0 0 45.4 ± 2.0 0.0+1.4

−0.0 0

0.7 0.49-0.91 0.65-0.76 37.8 ± 2.7 † 0.1 +1.4
−0.0 0 45.9 ± 2.1 † 1.0+1.7

−0.6 0

0.8 0.56-1.04 0.75-0.88 37.8 ± 2.7 0.0 +1.4
−0.0 0 45.3 ± 2.0 0.0+1.4

−0.0 0

1.0 0.70-1.30 0.75-1.08 40.4 ± 2.8 0.0 +1.4
−0.0 0 48.5 ± 2.1 0.0+1.4

−0.0 0

1.2 0.84-1.56 0.75-1.34 41.1 ± 2.9 0.0 +1.4
−0.0 0 50.0 ± 2.2 0.0+1.4

−0.0 0

1.5 1.05-1.95 0.75-1.67 41.7 ± 2.9 0.0 +1.4
−0.0 0 50.8 ± 2.2 0.0+1.4

−0.0 0

2.0 1.40-2.60 0.75-2.23 43.5 ± 3.1 0.0 +1.4
−0.0 0 50.4 ± 2.2 0.0+1.4

−0.0 0
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5 Background due to particle misidentification
Hadronic jets in which a π0 carries a significant fraction of the energy may be misidentified
as isolated photons. Thus Z+jets events are a potential background for this search. The pho-
ton misidentification rate is measured directly from a data sample dominated by jets, with
a photon-like candidate cluster embedded inside, which can potentially be misidentified as
a photon. The misidentification rate is defined as the ratio of the number of photon candi-
dates passing all the photon selection criteria (numerator) to the number of photon candidates
that pass a loose set of shower shape requirements but fail one of the photon isolation criteria
(denominator). The misidentification rate is estimated in bins of photon ET. The numerator
sample can have a contribution from isolated true photons. The probability distribution of the
energy-weighted shower width (σηη) computed in units of crystal size of isolated true photons
is different from that of non-isolated photons. The true photon fraction in the numerator is
estimated by fitting these two different shower shapes to the shower shape distribution of the
numerator sample, and subtracted from the numerator. In order to estimate the contribution
of misidentified photons in the analysis, this corrected misidentification rate is applied to a
subsample of data events containing one photon candidate and satisfying all other selection
criteria. This rate is calculated in photon ET bins of (0.03–0.05, 0.05–0.075, 0.075–0.09, 0.09–
0.2) TeV. Fig. 3 shows the ET dependence of the photon misidentification rate. The calculated
misidentified photon rate is found to be 0.28, 0.07, 0.06 and 0.09 for the above mentioned ET
bins.
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Figure 3: The jet-to-photon misidentification rate as a function of ET. The dashed line is the
40% uncertainty band.

From a fit, the measured rate is parametrized by a function, f misid
γ (ET), as given in the equation

(1) with a, b and c being the fit parameters:

f misid
γ (ET) = a +

b
(ET)c (1)

An uncertainty of 40% is assigned to this function which envelopes the spread of data points
relative to the fit . From this method, after applying cuts as given in Table 1 to the lowest mass
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point of 0.2 TeV, the contribution of photon misidentification background in the full selection
is found to be 0.07+0.16

−0.07 events for both the electron and the muon channels. It is negligible for
higher mass points.

Table 2: Details of the expected background compositions for several masses, showing con-
tributions from Z + γ MC sample, misidentified γ and misidentified electron estimated from
data. The uncertainties are reported as the quadratic sum of statistical and systematic errors.

M`∗ Electron channel Muon channel

(TeV) Z + γ MC misid γ misid electron Z + γ MC misid γ

0.2 0.8+1.1
−0.5 0.07+0.16

−0.07 0.08+0.17
−0.07 1.0 +1.7

−0.6 0.07 +0.16
−0.07

0.4 0.0+1.4
−0.0 0.07+0.16

−0.07 0.01+0.02
−0.01 1.6 +1.9

−0.9 0.00 +0.45
−0.00

≥0.8 0.0+1.4
−0.0 0.00+0.45

−0.00 0.00+0.08
−0.00 0.0 +1.4

−0.0 0.00 +0.45
−0.00

Backgrounds with zero or one real electron can contribute to the e∗ search. The largest contribu-
tions come from processes such as W(→ eν) + jet + γ where the jet in the event is misidentified
as an electron. Misidentification can occur when photons coming from π0s inside a jet con-
vert to an e+e− pair and are misidentified as electrons. Other possible sources include when a
charged particle within a jet provides both the track in the tracker and an electromagnetic clus-
ter that together fake an electron signature, or when a track from a charged particle matches
with a nearby energy deposition in the calorimeter from another particle. The misidentification
rate is calculated as the ratio between the number of candidates passing the electron selection
criteria with respect to those satisfying looser selection criteria. The looser selection criteria
require only that the first tracker layer contributes a hit to the electron track and that offline
emulations of the online trigger requirements (“loose identification requirements”) on shower
shape σηη and the ratio H/E are satisfied. This ratio is estimated as a function of ET in bins
of η ( f misid

electron(ET, η)) using a data sample selected with single-photon triggers [28]. The jet to
electron misidentified background in e∗ is estimated by applying this misidentification rate
to a sample passing all our selection requirements, including triggers, except requiring one
of the electron candidates to fail the electron identification criteria and pass instead the loose
identification requirements. The systematic uncertainty on f misid

electron(ET, η) is determined using
a sample of events containing two reconstructed electrons as in [28]. The contribution from jet
events to the dielectron mass spectrum can be determined either by applying the misidentifi-
cation rate twice on events with two loose electrons or by applying the misidentification rate
once on events with one fully identified electron and one loose electron. The first estimate lacks
contributions from W + jets and γ + jets events while the second estimate is contaminated by
Drell–Yan events. These effects are corrected using simulated samples. If the misidentification
rate method is correct, the two corrected estimations should agree. Both estimates are found
to agree well and the residual difference of 40% is taken as a systematic uncertainty on the
jet to electron misidentification rate. The contribution from events which have zero or one real
electron is 0.08+0.17

−0.07 for the lowest mass point of 0.2 TeV and is negligible for higher mass points.

6 Results
After all selection steps the expected background for M`∗ > 0.7 TeV is found to be 0+1.4

−0.0 event
in the simulated sample. The signal efficiency increases with the mass of the excited lepton,
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from 25% to 44% in the electron channel and 28% to 50% in the muon channel. All numbers
are summarized in Table 1. The expected numbers of signal events and irreducible background
events are evaluated from simulation while the contribution of misidentified particles is de-
rived from data. The background composition for several mass points, 0.2 TeV, 0.4 TeV and ≥
0.6 TeV for both channels is shown in Table 2. The uncertainties in the description of the de-
tector performance, such as lepton energy or momentum resolution, lepton and photon energy
scales, have been included in the systematic uncertainties. The impact on the signal yield cor-
responds to an uncertainty of ±2% and ±3.5%, for each of the channels respectively. Effects
caused by the increase in the typical number of additional pp interactions (‘pileup’) per LHC
bunch crossing are modeled by adding to the generated events multiple collisions with a mul-
tiplicity distribution matched to the luminosity profile of the collision data. To evaluate the
systematic uncertainty associated with the pileup simulation, the mean of the distribution of
the pileup interactions is varied by 5%, leading to a variation of 3.0% (0.6%) in the simulated
backgrounds and 1.0% (1.5%) in signal yields in the electron (muon) channel. An additional
systematic uncertainty of 10% is assigned to the background to account for uncertainties as-
sociated with the choice of parton distribution functions. The uncertainty in the luminosity
normalization is 2.2% [29].

As seen in Table 1, for masses above 0.5 TeV, no data events pass the criteria designed to select
excited lepton signatures. Using a single bin counting method, upper limits are provided on the
production cross section times branching fraction of excited electrons and excited muons at the
95% confidence level. The method is implemented in the statistical package developed by the
Higgs study group [30]. The computation has been performed using both a Bayesian [31, 32]
and a CLs [33, 34] approach; the results are found to be consistent with each other. The re-
sults presented here are from the frequentist CLs approach, without the use of the asymptotic
approximation [30]. The background and signal uncertainties are dominated by completely
uncorrelated uncertainties. The integrated luminosity normalization uncertainty is considered
separately, with 100% correlation between signal and background. The nuisance parameters
related to the uncertainties on the background are treated according to gamma probability dis-
tribution functions. The uncertainties on the signal yield and the integrated luminosity normal-
ization are taken into account via a lognormal treatment of nuisance parameters. The observed
limits for the electron and the muon channels are shown in Fig. 4. Production cross sections
higher than 1.48 to 1.24 fb (1.31 to 1.11 fb) are excluded at the 95% confidence limit (CL) for e∗

(µ∗) masses ranging from 0.6 to 2 TeV. The structure observed in the expected and observed
limits results from the limited sizes of the simulated background samples. The optimization of
the invariant masses selecting the Mmin

`γ –Mmax
`γ signal region has been determined from simu-

lation of signal reference mass points, ranging from M`∗ = 0.2 TeV to 2.0 TeV in steps of 0.2 TeV.
For lower masses, the selected signal regions do not overlap. For continuous coverage, addi-
tional mass points for M`∗ < 0.6 TeV, have been added by interpolating the cut thresholds and
the signal efficiencies. Limits for masses between 0.2 and 0.4 TeV are less stringent because of
the presence of background in this region.

In the excited muon channel, as visible in Table 1, the bump at Mµ∗ ∼ 0.5 TeV corresponds to
a region where the background is found to be 0.0+1.4

−0.0 in the simulated sample while one data
event is observed. Also in this channel, the shape of the uncertainty bands at Mµ∗ = 0.7 TeV
corresponds to a region where the background is found to be 1.0+1.7

−0.6 in the simulated sample
while zero data events are observed. The muon channel cross section limit is slightly lower
compared to the electron channel because of the difference in the acceptance.

The set of Λ − M`∗ values for which the theoretical cross section times branching fraction is
higher than the 95% upper limit on cross section, is considered as excluded region of the pa-
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Figure 4: Expected and observed 95% CL upper limits on the cross section of the studied chan-
nel for the different excited electron (left) and muon (right) mass points given in Table 1, using
the CLs method. The black solid lines correspond to the excited lepton LO cross sections times
branching ratio for different Λ scales. The one (two) standard deviation uncertainty bands are
shown in green (yellow).

rameter space. The exclusion region in the Λ − M`∗ plane is shown in Fig. 5. The displayed
uncertainty band corresponds to the uncertainty on the cross section limits, and does not take
into account uncertainties on the theoretical signal cross section. The signal cross sections are
estimated with the Q2 scale set to the square of the mass of excited lepton (M2

`∗). If the Q2 scale
is varied to M2

`∗/2, the limit for Λ = M`∗ increases by 1.5% and if it is varied to 2M2
`∗ , the limit

for Λ = M`∗ decreases by 2.4%.

Assuming the same masses for e∗ and µ∗, the two counting experiments have been combined
using the CLs approach, improving the excluded cross section limit to 0.73 to 0.60 fb for masses
from 0.6 to 2 TeV. The following uncertainties have been considered as completely correlated
between the two channels: the photon scale factor uncertainties in signal and background, the
photon misidentification rate systematic uncertainty not related to statistics, the luminosity
uncertainty, the pileup simulation uncertainty, the Z + γ normalization uncertainty, and the
Z + γ PDF uncertainty. The other uncertainties are considered as 100% uncorrelated.

7 Summary
A search has been performed with the CMS detector for excited leptons in the electron (pp →
ee∗ → eeγ) and muon (pp → µµ∗ → µµγ) channels. For lower `∗ masses the electron channel
is less sensitive as it is more affected by misidentification of photons and electrons. For each
excited lepton mass, the excluded cross section can be associated with a value for the new inter-
action scale Λ. Excited leptons (electrons or muons) with masses below 1.9 TeV are excluded for
the scale of contact interaction Λ = M`∗ . Production cross sections higher than 1.48 to 1.24 fb
(1.31 to 1.11 fb) are excluded at the 95% CL for e∗ (µ∗) masses ranging from 0.6 to 2 TeV. These
limits are the most stringent published to date.
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Figure 5: Expected and observed 95% CL lower limits on the Λ scale for the different excited
electron (left) and muon (right) mass points given in Table 1, using the CLs method. These
limits are computed with the LO signal cross section obtained from PYTHIA 6.424. The one
standard deviation uncertainty band is shown in green. The bands do not include the uncer-
tainty on signal cross section.
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C. Barth, J. Berger, C. Böser, T. Chwalek, W. De Boer, A. Descroix, A. Dierlamm, M. Feindt,
M. Guthoff5, C. Hackstein, F. Hartmann, T. Hauth5, M. Heinrich, H. Held, K.H. Hoffmann,
U. Husemann, I. Katkov16, J.R. Komaragiri, P. Lobelle Pardo, D. Martschei, S. Mueller,
Th. Müller, M. Niegel, A. Nürnberg, O. Oberst, A. Oehler, J. Ott, G. Quast, K. Rabbertz,
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G. Barbaglia, V. Ciullia,b, C. Civininia, R. D’Alessandroa,b, E. Focardia ,b, S. Frosalia ,b, E. Galloa,
S. Gonzia,b, M. Meschinia, S. Paolettia, G. Sguazzonia, A. Tropianoa

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi, S. Bianco, S. Colafranceschi25, F. Fabbri, D. Piccolo

INFN Sezione di Genova a, Università di Genova b, Genova, Italy
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Paul Scherrer Institut, Villigen, Switzerland
W. Bertl, K. Deiters, W. Erdmann, K. Gabathuler, R. Horisberger, Q. Ingram, H.C. Kaestli,
S. König, D. Kotlinski, U. Langenegger, F. Meier, D. Renker, T. Rohe, J. Sibille36

Institute for Particle Physics, ETH Zurich, Zurich, Switzerland
L. Bäni, P. Bortignon, M.A. Buchmann, B. Casal, N. Chanon, A. Deisher, G. Dissertori,
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A. Raval, B. Safdi, H. Saka, D. Stickland, C. Tully, J.S. Werner, A. Zuranski

University of Puerto Rico, Mayaguez, USA
E. Brownson, A. Lopez, H. Mendez, J.E. Ramirez Vargas

Purdue University, West Lafayette, USA
E. Alagoz, V.E. Barnes, D. Benedetti, G. Bolla, D. Bortoletto, M. De Mattia, A. Everett, Z. Hu,
M. Jones, O. Koybasi, M. Kress, A.T. Laasanen, N. Leonardo, V. Maroussov, P. Merkel,
D.H. Miller, N. Neumeister, I. Shipsey, D. Silvers, A. Svyatkovskiy, M. Vidal Marono, H.D. Yoo,
J. Zablocki, Y. Zheng



27

Purdue University Calumet, Hammond, USA
S. Guragain, N. Parashar

Rice University, Houston, USA
A. Adair, C. Boulahouache, K.M. Ecklund, F.J.M. Geurts, W. Li, B.P. Padley, R. Redjimi,
J. Roberts, J. Zabel

University of Rochester, Rochester, USA
B. Betchart, A. Bodek, Y.S. Chung, R. Covarelli, P. de Barbaro, R. Demina, Y. Eshaq, T. Ferbel,
A. Garcia-Bellido, P. Goldenzweig, J. Han, A. Harel, D.C. Miner, D. Vishnevskiy, M. Zielinski

The Rockefeller University, New York, USA
A. Bhatti, R. Ciesielski, L. Demortier, K. Goulianos, G. Lungu, S. Malik, C. Mesropian

Rutgers, the State University of New Jersey, Piscataway, USA
S. Arora, A. Barker, J.P. Chou, C. Contreras-Campana, E. Contreras-Campana, D. Duggan,
D. Ferencek, Y. Gershtein, R. Gray, E. Halkiadakis, D. Hidas, A. Lath, S. Panwalkar, M. Park,
R. Patel, V. Rekovic, J. Robles, K. Rose, S. Salur, S. Schnetzer, C. Seitz, S. Somalwar, R. Stone,
S. Thomas

University of Tennessee, Knoxville, USA
G. Cerizza, M. Hollingsworth, S. Spanier, Z.C. Yang, A. York

Texas A&M University, College Station, USA
R. Eusebi, W. Flanagan, J. Gilmore, T. Kamon58, V. Khotilovich, R. Montalvo, I. Osipenkov,
Y. Pakhotin, A. Perloff, J. Roe, A. Safonov, T. Sakuma, S. Sengupta, I. Suarez, A. Tatarinov,
D. Toback

Texas Tech University, Lubbock, USA
N. Akchurin, J. Damgov, C. Dragoiu, P.R. Dudero, C. Jeong, K. Kovitanggoon, S.W. Lee,
T. Libeiro, Y. Roh, I. Volobouev

Vanderbilt University, Nashville, USA
E. Appelt, A.G. Delannoy, C. Florez, S. Greene, A. Gurrola, W. Johns, C. Johnston, P. Kurt,
C. Maguire, A. Melo, M. Sharma, P. Sheldon, B. Snook, S. Tuo, J. Velkovska

University of Virginia, Charlottesville, USA
M.W. Arenton, M. Balazs, S. Boutle, B. Cox, B. Francis, J. Goodell, R. Hirosky, A. Ledovskoy,
C. Lin, C. Neu, J. Wood, R. Yohay

Wayne State University, Detroit, USA
S. Gollapinni, R. Harr, P.E. Karchin, C. Kottachchi Kankanamge Don, P. Lamichhane,
A. Sakharov

University of Wisconsin, Madison, USA
M. Anderson, D. Belknap, L. Borrello, D. Carlsmith, M. Cepeda, S. Dasu, E. Friis, L. Gray,
K.S. Grogg, M. Grothe, R. Hall-Wilton, M. Herndon, A. Hervé, P. Klabbers, J. Klukas, A. Lanaro,
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26: Also at Università della Basilicata, Potenza, Italy
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