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Abstract

A search is presented for excited electrons and muons using a data sample of proton-
proton collisions at a center-of-mass energy of

√
s = 13 TeV, collected with the CMS

detector in 2016 and corresponding to an integrated luminosity of 35.9 fb−1. This is
the first search in the ``γ final state in proton-proton collisions at

√
s = 13 TeV. The

observed data are consistent with the standard model prediction, and exclusion limits
on the excited lepton mass and the compositeness scale are set. Excited electrons
(muons) with a mass below 3.9 (3.8) TeV are excluded under the assumption that the
excited lepton mass equals the compositeness scale. The best observed limit on the
compositeness scale is obtained in the mass range between 0.5 and 1.0 TeV, excluding
a compositeness scale below 25 TeV for both excited electrons and muons. These are
the most stringent limits to date in the ``γ final state.
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1 Introduction
The standard model (SM) provides an extremely precise description of various phenomena in
particle physics observed over the last half century. Notwithstanding its huge success, it does
not adequately explain the origin of the mass hierarchy and the three generations of quarks
and leptons. As an attempt to answer such fundamental questions, compositeness of quarks
and leptons is introduced in many models [1–11]. These compositeness models suggest that
quarks and leptons are the bound states of more fundamental constituents that are bound by a
new strong interaction with a characteristic scale Λ (called the compositeness scale).

A prediction of compositeness models is the existence of excited states of quarks and leptons.
In proton-proton collisions, excited fermions could be produced via contact interactions (CI)
and decay either through SM gauge interactions or via CI to SM fermions.

This result presents a search for excited leptons (`∗) in the ``γ final state (``∗ → ``γ), where
the decay of the excited lepton is mediated by a photon, in the mass range 0.25 ≤ M`∗ ≤ 5 TeV.
We consider a benchmark model based on the formalism described in Ref. [7].

Several searches for excited leptons have been previously performed by the CMS Collaboration
[12, 13], but no evidence for excited leptons was found, excluding M`∗ < 2.5 TeV for the case
M`∗ = Λ. Searches at the LEP [14–17], HERA [18], Tevatron [19–22] colliders, and by the ATLAS
collaboration at the CERN LHC with proton-proton collision data collected at

√
s = 7 TeV [23]

and
√

s = 8 TeV [24] also have not found any evidence for the existence of excited leptons,
setting a lower mass limit of 2.2 TeV [24] for the case M`∗ = Λ.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [25].

Events of interest are selected using a two-tiered trigger system [26]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of less than 100 kHz within a time interval of less than 4 µs. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage.

3 Data and simulated samples

The data used for this analysis correspond to an integrated luminosity of 35.9 fb−1, recorded
with the CMS detector in proton-proton collisions at a center-of-mass energy of 13 TeV in 2016.
The data sample for the eeγ channel consists of events that are selected using double-electron
triggers with a threshold on the transverse energy of the calorimeter cluster of 33 GeV for both



2

electron candidates. For the µµγ channel, events are selected using single-muon triggers with
a threshold of 24 GeV on the transverse momentum, pT, of the muon.

Simulated signal events are generated for excited lepton masses ranging from 0.25 TeV to 5 TeV,
using PYTHIA 8.205 [27]. The CUETP8M1 [28, 29] underlying-event tune is used for all simu-
lated samples. The samples are generated at the compositeness scale Λ = 10 TeV, but are also
used for different compositeness scale interpretations since the compositeness scale does not
affect the kinematic distributions of final state particles. The simulated signals are generated
at leading order (LO) in perturbative quantum chromodynamics (QCD) and a mass dependent
k-factor for next-to-leading-order (NLO) corrections is applied [30].

Major SM backgrounds such as Zγ and ttγ processes are generated at NLO using the MAD-
GRAPH5 aMC@NLO 2.3.3 generator [31], while WW, WZ, and ZZ backgrounds are generated at
LO with PYTHIA 8.205. The cross section for WW is calculated to next-to-next-to-leading order
and the cross sections for WW and WZ are computed at NLO.

The effect of multiple proton-proton interactions within the same bunch crossing or adjacent
bunch crossings (pileup) is taken into account for simulation and simulated events are weighted
to match the observed pileup distribution in the data sample.

4 Event selection
The particle-flow algorithm [32] aims to reconstruct and identify individual particles in an
event using an optimized combination of information from the various elements of the CMS
detector. The energy of photons is directly obtained from the ECAL measurement, corrected
for zero-suppression effects. The energy of electrons is determined from a combination of the
electron momentum at the primary interaction vertex as determined by the tracker, the energy
of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The momentum of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for zero-suppression effects and for the response function of the
calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energies.

Events must have at least one primary vertex with at least four associated tracks, with the
transverse (longitudinal) position within 2 (24) cm from the nominal collision point. The re-
constructed vertex with the largest value of summed physics-object p2

T is taken to be the pri-
mary pp interaction vertex. The physics objects are the jets, clustered using a jet finding al-
gorithm [33, 34] with the tracks assigned to the vertex as inputs, and the associated missing
transverse momentum, taken as the negative vector sum of the pT of those jets.

Electrons candidates are reconstructed from clusters of ECAL energy deposits associated with
tracks reconstructed in the inner tracking systems. The electron candidates are required to
have pT > 35 GeV and to be within the region of |η| < 2.5. The barrel-endcap transition re-
gion 1.44 < |η| < 1.56 is excluded because of the high rate of poorly reconstructed electrons.
The electron candidates have to pass a set of identification requirements on the distribution of
energy deposits in the ECAL, on the ratio of the associated HCAL and ECAL energy deposits,
on the isolation in the calorimeters, on the quality of the matching between the ECAL clus-
ters and the associated track in the inner tracker, and on the agreement between the energy
reconstructed in the ECAL and the momentum of the associated track.
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Muon candidates are reconstructed as tracks in the muon detector that are matched to the
tracks found in the inner tracker. The muon candidates must have pT > 35 GeV and be within
|η| < 2.4. The muon candidates are required to pass identification criteria that are dedicated to
muons having high transverse momentum [35] and to be isolated in the tracking systems.

Photons reconstruction starts from the energy deposits in the ECAL and reconstructed can-
didates that have associated tracks are rejected. The photon candidates are required to have
pT > 35 GeV and |η| < 2.5, with those in the transition region 1.44 < |η| < 1.56 being ex-
cluded from the analysis. A multivariate analysis (MVA) technique is used for photon iden-
tification, with shower shape variables and photon isolation sums in the ECAL and HCAL as
inputs [36, 37].

Events are required to have two same-flavor leptons and a photon. No condition is required
on the charges of the leptons, to maximize the event selection efficiency. The selected leptons
must be separated from the photon by ∆R =

√
∆η2 + ∆φ2 > 0.7. In addition, the invariant

mass of the two same-flavor leptons is required to be larger than 116 GeV in order to suppress
the dominant background contribution that comes from Z boson production.

5 Background modeling
The major backgrounds in this search originate from SM processes with final states consisting
of two prompt same-flavor leptons and a prompt photon or a jet. The expected fraction of
background events that have a jet misidentified as a lepton is less than 1% [38], therefore this
background source is not considered in the analysis. Backgrounds associated with a prompt
photon are estimated using simulation, while the yield of those associated with a jet is derived
from the data.

The most dominant background arises from Z boson production accompanied by a prompt
photon (Zγ), which has a signature similar to the signal. It is efficiently suppressed by apply-
ing Z-veto criteria described in Section 4. The fraction of Zγ events after event selection and
requiring the Z-veto criteria is approximately 70% of the total background.

Another prompt photon background comes from top pair production in association with a
photon (ttγ). These events form approximately 10% of the total background. In addition, there
are backgrounds from triboson processes such as WWγ, WZγ, and ZZγ, whose contribution
is small compared to other prompt photon backgrounds.

The other major background contribution consists of events with two prompt leptons and a
jet misidentified as a photon, hereafter referred to as the jet background. The jet background
estimation is derived from data events in a control region defined by photon candidates passing
all kinematic selections but failing the photon selection. The control region events, scaled by
the misidentification rate of photon candidates from jets, provide the jet background prediction
in the signal region.

The misidentification rate is measured as a function of photon pT and η by fitting template
distributions of a MVA output variable for prompt photons and photons from jets to the data
sampled by requiring two same-flavor leptons with an invariant mass between 50 and 116 GeV
and one reconstructed photon candidate. A template distribution for prompt photons is ob-
tained from simulated prompt photon background events passing the same selection as used
for the data sample. The MVA variable distribution of W-tagged events in data is used for pho-
tons from the jets. The measured misidentification rate ranges from 2 (3)% at pT = 35 GeV to
0.2 (0.4)% at 1 TeV in the detector barrel (endcaps). The estimated background events from jets
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misidentified as a photon correspond to 5–15% of the events in the signal region.

After applying the measured misidentification rate, a further correction to the kinematic distri-
bution of the estimated background is needed. The kinematic distributions of the parent jets of
the misidentified photons in the control region and those of the signal region are not identical
in the same photon pT range, due to isolation requirements in the MVA identification. Con-
sequently, the transverse momentum distributions of leptons, which are correlated with the
recoil of the parent jets, are also different in the signal region and the control region. Therefore,
extrapolation from the control region parametrized with only the photon pT and η does not
provide a precise enough description on the kinematic distributions of the leptons in the signal
region.

We use the pT of the dilepton pair as a proxy of the jet recoil in order to correct this bias.
The dilepton pT distribution of the predicted background events, obtained by applying the
misidentification rate, is reweighted to match the correct shape of the dilepton pT distribution
of jet backgrounds in the signal region. The reweighting is done for separate photon pT ranges
in order to retain the yield and the photon pT spectrum obtained from the previous step. After
the correction, the lepton kinematic distributions from the total background prediction includ-
ing the corrected data-driven background are in good agreement with the distributions in data.

6 Signal modeling
The production of an excited lepton involves one extra SM lepton, and therefore there are two
possible pairings of a lepton with the photon. The corresponding two invariant masses are
referred to as Mmin

`γ and Mmax
`γ in ascending order. The Mmin

`γ and Mmax
`γ distributions of observed

data events and background estimates in the signal region are shown in Fig. 1.

A search window is set in the two dimensional distribution of Mmin
`γ versus Mmax

`γ . For `∗ events,
either Mmin

`γ or Mmax
`γ corresponds to the reconstructed invariant mass of `∗. Therefore, the mass

resonance of the signal is concentrated in the shape of a flipped “L” as shown in Fig. 2. On the
other hand, background events have no such correlation in Mmin

`γ and Mmax
`γ and are scattered

around at low masses < 1 TeV, as shown in Fig. 3. This clear distinction between signal and
background events in the distribution of Mmin

`γ versus Mmax
`γ is used to define L-shaped search

windows enhancing the discrimination between signal and background.

For low signal masses, M`∗ ≤ 1 TeV, background suppression by setting an L-shaped search
window outweighs the small loss in the signal acceptance. Therefore, the search window for
M`∗ ≤ 1 TeV is set to be a narrow L-shape centered at M`∗ , consisting of lower and upper
thresholds of Mmin

`γ and Mmax
`γ . For instance, for Me∗ = 500 GeV, the search window is set to

cover ±8% around the simulated mass, 460–540 GeV as shown in the left-hand plot of Fig. 2.
The thresholds are optimized for the best expected exclusion limit with consideration for the
impact of the energy scale and resolution uncertainties on the signal acceptance.

Search windows for M`∗ > 1 TeV, where the background contribution is expected to be negli-
gible, are set wide by requiring only the lower Mmax

`γ threshold, thereby maximizing the signal
acceptance.

The product of signal acceptance and efficiency for excited electrons (muons) has been mea-
sured from the simulated signal samples, ranging from 30 (33)% to 48 (59)%, respectively. To
determine the product of signal acceptance and efficiency for mass points other than those of
the simulated samples, a polynomial fit to the dependence on M`∗ is used for interpolation.
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Figure 1: The distributions of Mmin
`γ (left panel) and Mmax

`γ (right panel) in the eeγ channel
(upper panel) and the µµγ channel (lower panel). The black dots denote the data points. The
green, yellow, red and blue histograms correspond to the prediction of Zγ, the jet background,
ttγ, and triboson processes, respectively. The dotted lines represents `∗ signal events for M`∗ =
1 TeV at Λ = 10 TeV.
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Figure 2: The two dimensional distributions of Mmin
`γ versus Mmax

`γ of excited electrons with a
mass of 500 GeV (left) and of excited muons with a mass of 750 GeV (right), respectively, after
event selection. The red dashed lines denote the boundary of the L-shaped search window for
each mass point.
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Figure 3: The two dimensional distributions of Mmin
`γ versus Mmax

`γ of Zγ background events in
the eeγ channel (left) and in the µµγ channel (right), respectively, after event selection.
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7 Systematic uncertainties
The systematic uncertainties in the signal and the background yields are summarized in Ta-
ble 1. The statistical uncertainties in the data and the simulated samples used for background
estimation are dominant in this search. Although the values of the systematic uncertainties in
the data-driven methods appear large, their impact on the limits is small since the jet back-
ground makes up only 5–15% of the total background.

The luminosity has been measured with a precision of 2.5% [39], thus affecting the observed
cross sections. The effect of pileup modeling on the selection efficiency is measured to be less
than a percent over all mass points, and a conservative 1% uncertainty is assigned for it. Sys-
tematic uncertainties in the signal selection efficiency include uncertainties arising from trigger
selection, and lepton and photon identification. Various sources of potential biases in the se-
lection efficiency measurements are considered to determine such uncertainties. Uncertainties
in the electron and photon energy scale and resolution and muon momentum scale and reso-
lution translate to uncertainties in the signal acceptance. The effect on the signal acceptance is
evaluated by shifting and smearing the pT of each object by the corresponding uncertainty. The
combined systematic uncertainty of the sources described above is approximately 5%.

Systematic uncertainties in the signal acceptance and background cross sections due to the PDF
choice have been estimated by following the PDF4LHC prescription [40]. For QCD renormal-
ization and factorization scale uncertainties, changes in the signal acceptance and the back-
ground cross sections due to various combinations of scale variations are determined, and the
maximum observed change is assigned as an uncertainty. Uncertainties of 2 and 10% are as-
signed for the PDF and scale uncertainties in the signal acceptance and the background yields,
respectively.

For the data-driven jet background estimation, the following uncertainties are taken into ac-
count: statistical uncertainties in the misidentification rate measurement, systematic uncertain-
ties in the template distributions used for the fake rate measurement, and systematic uncertain-
ties based on discrepancies observed from closure tests for the data-driven procedures. The
total systematic uncertainty in the jet background prediction is evaluated by summing those
uncertainties in quadrature, increasing to 90% for masses above 1 TeV.

Table 1: Summary of the systematic uncertainties (in %) in the signal yield, the prompt photon
background prediction, and the jet background prediction.

Source
eeγ channel (%) µµγ channel (%)

Signal Prompt γ bkg Jet bkg Signal Prompt γ bkg Jet bkg
Luminosity 2.5 2.5 - 2.5 2.5 -
Pileup 1 1 - 1 1 -
Trigger 1 1 - 2 2 -
Lepton efficiency 2.5 2.5 - 2 2 -
Photon efficiency 1.5 1.5 - 1.5 1.5 -
e/γ energy scale & resolution 2 2 - 2.5 2.5 -
µ momentum scale & resolution - - - 2 2 -
PDF & scales 2 10 - 2 10 -
Data-driven bkg estimation - - 54–90 - - 54–90
Statistical - 8–44 5–47 - 10–25 6–58

8 Results
Within the uncertainties, the observed data are found to be consistent with the background
prediction. We set the 95% confidence level (CL) upper limits on the production cross sec-
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tions of excited electrons (e∗) and excited muons (µ∗), and the corresponding lower limits on
the compositeness scale Λ, as a function of the excited lepton mass using a single-bin counting
method [41]. The limits are computed with the modified frequentist CLs method [42, 43], with a
likelihood ratio used as a test statistic. The systematic uncertainties are treated as nuisance pa-
rameters with log-normal priors (normalization). The limits are set in the mass range between
0.25 and 5.0 TeV.

Figure 4 shows the 95% CL upper limits on the product of the signal cross section and branching
fraction to the ``γ final state, σ×B(``∗ → ``γ) (left panel), and lower limits on Λ (right panel),
as a function of the resonance mass, for e∗ (upper panel) and µ∗ (lower panel). The observed
limits are denoted by the solid black lines and the expected limits for the background-only
hypothesis are represented by the dashed black lines. The 68 and 95% CL ranges are shown
with the green and yellow bands, respectively.

The observed limits on the signal cross section ranges from 3 fb to 0.2 fb as a function of M`∗

and are consistent with the expected limits. The gray, red, magenta, and blue dashed lines
in the left-hand plots in Fig. 4 describe the theoretical cross sections including the NLO QCD
correction factors for Λ = M`∗ , 10, 15, and 25 TeV, respectively.

A lower limit on M`∗ depends on Λ since both M`∗ and Λ are free parameters in the reference
model. The observation excludes M`∗ <3.9 (3.8) TeV for excited electrons (muons) in the case
where M`∗ = Λ. The best observed limit on Λ is obtained in the mass range between 0.5 and
1.0 TeV, excluding Λ below 25 TeV for both excited electrons and muons. The representative
limits are summarized in Table 2.

Table 2: Summary of the observed (expected) lower limits on M`∗ , assuming M`∗ = Λ, and the
best observed (expected) lower limits on Λ in the mass range 0.5–1.0 TeV.

Channel
Observed (expected) exclusion Best observed (expected) limit

for M`∗ = Λ, TeV on Λ, TeV
eeγ 3.9 (3.8) 25 (23)
µµγ 3.8 (3.9) 25 (23)

9 Summary
A search is presented for excited electrons and muons using a data sample of proton-proton
collisions at a center-of-mass energy of

√
s = 13 TeV, collected with the CMS detector in 2016

and corresponding to an integrated luminosity of 35.9 fb−1. This is the first search in the ``γ fi-
nal state in proton-proton collisions at

√
s = 13 TeV. The observed data are consistent with the

standard model prediction, and exclusion limits on the excited lepton mass and the compos-
iteness scale are set. Excited electrons (muons) with a mass below 3.9 (3.8) TeV are excluded
under the assumption that the excited lepton mass equals the compositeness scale. The best ob-
served limit on the compositeness scale is obtained in the mass range between 0.5 and 1.0 TeV,
excluding a compositeness scale below 25 TeV for both excited electrons and muons. These are
the most stringent limits to date in the ``γ final state.
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Figure 4: Observed (solid) and expected (dashed) 95% CL upper limits on the product of the
production cross section and branching fraction (left panel) and lower limits on the compos-
iteness scale (right panel) as a function of signal mass M`∗ , together with the 68% (green) and
95% (yellow) CL ranges of the expected limit for the background-only hypothesis, for e∗ (upper
panel) and µ∗ (lower panel).
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