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1 Introduction

The standard model (SM) provides a very precise description of various phenomena in

particle physics observed over the last half century. Notwithstanding its huge success, it

does not explain the origin of the mass hierarchy and the number of generations of quarks

and leptons. As an attempt to answer such fundamental questions, compositeness of quarks

and leptons is introduced in many models [1–10]. These compositeness models suggest that

quarks and leptons are themselves made of fundamental constituents that are bound by a

new strong interaction with a characteristic energy scale Λ (called the compositeness scale).

An important prediction of compositeness models is the existence of excited states of

quarks and leptons. In proton-proton (pp) collisions, excited fermions could be produced

via contact interactions (CI) and decay either through SM gauge interactions or via CI to

SM fermions.

This paper presents a search for excited leptons (`∗ = e∗, µ∗) in ``γ (` = e, µ) final

states where the excited lepton decays to a SM lepton and a photon (`∗ → `γ) as illustrated

in figure 1. A clear signature of a same-flavor (SF) lepton pair and a photon allows highly

efficient signal selection. However, there is an ambiguity in reconstructing the excited

lepton mass because of the two possible pairings of a lepton and the photon. For this

search, information of both invariant masses is used to discriminate the excited lepton

signal from SM background processes.
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Figure 1. The Feynman diagram of the production of excited leptons in ``γ final states.

We consider a benchmark model based on the formalism described in ref. [8]. The

effective Lagrangian of four-fermion CI, the main production mechanisms of excited leptons

at the LHC, is given by

LCI =
g2∗

2Λ2
jµjµ, (1.1)

where g∗ is the coupling constant, which is set to be equal to
√

4π in the model, and

jµ represents the fermion currents for SM fermions and their excited states, neglecting

right-handed currents. In addition, excited lepton decays via SM gauge interactions are

described by the corresponding Lagrangian

Lgauge =
1

2Λ
`
∗
Rσ

µν

(
gf
τ

2
Wµν + g′f ′

Y

2
Bµν

)
`L + h.c., (1.2)

where ` and `∗ denote the lepton and excited lepton fields, and Wµν and Bµν are the

SU(2) and U(1) gauge fields. The quantities g = e/ sin θW and g′ = e/ cos θW represent the

corresponding electroweak gauge couplings with the Weinberg mixing angle θW , and τ and

Y are the generators of the SU(2) and U(1) groups. The symbols f and f ′ describe the

couplings between SM leptons and excited leptons via gauge interactions and are chosen

to be equal to 1 in the model.

Searches for excited leptons have been previously performed by the CMS collabora-

tion [11, 12], but no evidence for their existence was found, excluding m`∗ < 2.5 TeV for the

case Λ = m`∗ . Searches at the LEP [13–16], HERA [17], and Tevatron [18–21] colliders,

and by the ATLAS collaboration at
√
s = 7 TeV [22] and 8 TeV [23, 24] also found no

evidence for the existence of excited leptons, setting lower mass limits of 2.2 and 2.8 TeV

for excited electrons and muons, respectively, for the case Λ = m`∗ .

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal

diameter, 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 scintillator hadron calorimeter (HCAL), each composed of a barrel and two

endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by
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the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded

in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [25]. 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

4µs. 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.

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. [26].

3 Data and simulated samples

The data used for this analysis correspond to an integrated luminosity of 35.9 fb−1, recorded

by the CMS detector in pp collisions at a center-of-mass energy of 13 TeV in 2016. Highly

efficient triggers with 98–99% efficiency are used for this analysis, for events that satisfy the

offline selection criteria. Events for the eeγ channel are selected using double-electron trig-

gers that impose a transverse energy threshold of 33 GeV and online identification criteria

for both electron candidates. For the µµγ channel, events are selected using single-muon

triggers with muon isolation criteria and a threshold of 24 GeV on the transverse momentum

pT of the muon.

To model the detector acceptance and event selection efficiency of signal events, simu-

lated signal samples are generated with pythia 8.205 [27] for excited lepton masses ranging

from 0.25 to 5 TeV at intervals of 0.25 TeV up to 4 TeV and at intervals of 0.5 TeV between

4 and 5 TeV. The CUETP8M1 [28] underlying-event tune is used for all simulated sam-

ples. The signal samples are generated at the compositeness scale Λ = 10 TeV, but are also

used for different compositeness scale interpretations since this parameter has a negligible

impact on 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 [29].

Major SM background processes such as DY+γ and tt+γ are generated at NLO using

the MadGraph5 amc@nlo 2.3.3 generator [30], while WW, WZ, and ZZ backgrounds

are generated at LO with pythia. The cross section for WW production is calculated at

next-to-next-to-leading order [31] and the cross sections for WZ and ZZ production are

computed at NLO [32].

The NNPDF3.0 [33] parton distribution function (PDF) set is used for all generated

samples. The generated events are processed through the full Geant4 [34] simulation of

the CMS detector. The effect of multiple pp interactions within the same bunch crossing or

adjacent bunch crossings (pileup) is emulated by superimposing minimum bias events on

the simulated events. The simulated events are weighted to match the pileup distribution

observed in the data.
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4 Event reconstruction and selection

The event selection uses a particle-flow algorithm [35] for optimal efficiency, kinematic

resolution and purity in physics object reconstruction and identification. The particle-

flow algorithm 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. 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 orig-

inating 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 combi-

nation 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 reconstructed vertex with the largest value of summed physics-object p2T is taken to

be the primary pp interaction vertex. Here the physics objects are the jets, clustered using

a jet finding algorithm [36, 37] with the tracks assigned to the vertex as inputs, and the

associated missing transverse momentum (pmiss
T ), taken as the negative vector sum of the

pT of those jets.

Electron candidates are reconstructed by matching clusters of ECAL energy deposits

with tracks in the inner tracker. The momentum resolution ranges from 1.7 to 4.5%

for electrons from Z boson decays, depending on the electron η and the bremsstrahlung

energy emitted [38]. The electron candidates are required to have pT > 35 GeV and to

be within the region |η| < 2.5. The barrel-endcap transition region 1.44 < |η| < 1.56

is excluded. The electron candidates have to pass a set of identification requirements on

the spatial 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 clusters 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.

Muon candidates are reconstructed as tracks in the muon detector that are matched to

the tracks found in the inner tracker. The momentum resolution for muons with pT up to

100 GeV is 1% in the barrel and 3% in the endcaps. The resolution in the barrel is better

than 10% for muons with pT up to 1 TeV [39]. The muon candidates must have pT > 35 GeV

and be within |η| < 2.4. The muon candidates are required to pass identification criteria

optimized for muons having large pT [39] and to be isolated in the tracking systems.

Photon reconstruction starts from energy deposits in the ECAL, and photon candidates

that have associated tracks are rejected. The photon energy resolution ranges from 1 to 5%,

depending on photon η and showers in the ECAL [40]. The photon candidates are required
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to have pT > 35 GeV and |η| < 2.5, with those in the transition region 1.44 < |η| < 1.56

being excluded from the analysis. A multivariate analysis (MVA) technique is used for

photon identification, with shower shape variables and photon isolation sums in the ECAL

and HCAL as inputs [40, 41].

Events are required to have two SF leptons and a photon. The two SF leptons are not

required to be of opposite-sign charge because this would result in a signal efficiency loss of a

few % at high lepton pT, especially for the eeγ channel [42], whereas the background arising

from events with same-sign dileptons is minimal. The selected leptons must be separated

from the photon by ∆R =
√

(∆η)2 + (∆φ)2 > 0.7, where φ is the azimuthal angle measured

in radians. In addition, the invariant mass of the two SF leptons m`` is required to be larger

than 116 GeV in order to suppress the dominant background contribution from Z boson

production (Z boson veto criteria).

5 Background modeling

The major backgrounds in this search originate from SM processes with final states con-

sisting of two prompt SF leptons and a prompt photon or a jet misidentified as a photon.

The expected fraction of background events that have a jet misidentified as a lepton is less

than 1% for both channels [43], 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 dominant background arises from Drell-Yan process accompanied by a prompt

photon (DY+γ), which has a signature similar to the signal. Within the detector accep-

tance, Z boson production dominates the process, and its contribution is efficiently sup-

pressed by applying the Z boson veto criteria described in section 4. The fraction of DY+γ

events after the event selection is approximately 70% of the background. Another prompt

photon background comes from top quark pair production in association with a photon

(tt+γ). These events form approximately 10% of the background. In addition, triboson

processes such as WWγ, WZγ, and ZZγ (VVγ) also give rise to 5% of the background.

The other major background contribution consists of events with two prompt leptons

and a photon that originates from a jet, hereafter referred to as the jet background. The

estimation of this background is derived from data in a control region composed of events

with two leptons and a photon passing all the kinematic requirements and lepton identi-

fication criteria defined in the event selection but failing the photon identification. The

events in the control region, scaled by a weight factor derived from the misidentification

rate of photon candidates from jets, provide the jet background prediction in the signal

region.

The misidentification rate is measured using data in a sideband (50 < m`` < 116 GeV)

of the dilepton mass distribution in the signal region (m`` > 116 GeV). The photon iden-

tification is not required for events in the sideband, thereby the data in the sideband

are enriched with Z boson events associated with a photon originating from a jet. To

remove prompt photon contamination in the data, the distribution of the MVA variable

used for the photon identification is employed, fitting the MVA variable distribution of
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the data events with template distributions for prompt photons and photons originating

from jets. The MVA distribution of simulated prompt photon background events in the

sideband is used as the template distribution for prompt photons. The template for pho-

tons originating from jets is obtained from a data sample enriched with W+jets events,

where the W boson decays leptonically and a jet supplies a photon candidate. Events in

the sample are required to have a muon of pT > 35 GeV, pmiss
T > 35 GeV, transverse mass√

2pmiss
T pµT[1− cos ∆φ(~pmiss

T , ~pµT)] between 50 and 110 GeV, and a photon candidate. The

misidentification rate is evaluated in several photon pT bins separately for the barrel and

endcaps of ECAL. The measured misidentification rate ranges from 2 (3)% at pT = 35 GeV

to 0.2 (0.4)% at pT = 1 TeV in the barrel (endcaps). In the signal region, the estimated

fraction of events arising from background with a jet misidentified as a photon is in the

range 5–15%, depending on the photon pT.

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, owing to isolation requirements in the MVA identification. Consequently, the pT
distributions of leptons, which are correlated with the recoil of the jet in the same event, are

different in the signal region and the control region. Therefore, an appropriate correction

must be applied to the estimate of the lepton pT distribution obtained by scaling the

control region by a weight factor based on the misidentification rate. Using the pT of the

dilepton pair as a proxy of the jet recoil, the dilepton pT distribution of the jet background

estimate is reweighted to match the correct shape of the dilepton pT distribution of the jet

background events in the signal region. The shape is directly taken from data in the signal

region, removing prompt photon contamination using simulated events. The reweighting

is done for separate photon pT bins used for the misidentification rate measurement, in

order to retain the yield and the photon pT spectrum obtained from the previous step.

To validate the estimation procedures, closure tests are performed by applying the same

method to derive background on simulated events, and the observed discrepancies are

taken as estimates of the associated systematic uncertainties. After the correction, the

lepton kinematic distributions from the total background prediction including the corrected

jet background obtained from control samples in data are in good agreement with the

distributions in data.

6 Signal modeling

The production of an excited lepton involves two SM leptons in the final state, one from the

excited lepton decay and another from CI, 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 . The mmin

`γ and mmax
`γ distributions of observed events along with the background

prediction in the signal region are shown in figure 2.

A search window is set in the two-dimensional distribution of mmax
`γ versus mmin

`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 reflected “L” as

shown in figure 3. On the other hand, background events have no such correlation in mmin
`γ
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Figure 2. The distributions of mmin
`γ (left column) and mmax

`γ (right column) in the eeγ channel

(upper row) and the µµγ channel (lower row). The points with error bars denote the data and the

stacked histograms show the predictions for each of the backgrounds. The uncertainty bands of the

SM prediction includes only statistical uncertainties. Signal events for m`∗ = 1 TeV at Λ = 10 TeV

are also shown as dotted lines. The last bin of each distribution includes overflow events.

and mmax
`γ in the low mass region below 1 TeV. The distribution of the dominant DY+γ

background is shown in figure 4. This clear distinction between signal and background

events in the distribution of mmax
`γ versus mmin

`γ is used to define L-shaped search windows

enhancing the discrimination between signal and background.

For low signal masses, m`∗ ≤ 1 TeV, setting an L-shaped search window significantly

improves a discrimination against the background with only a small loss in the signal
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Figure 3. The two-dimensional distributions of mmax
`γ versus mmin

`γ of excited electrons with a mass

of 500 GeV (left) and of excited muons with a mass of 750 GeV (right), after the event selection,

normalized to the expected signal cross section at Λ = 10 TeV. The red dashed lines denote the

boundary of the L-shaped search window.
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Figure 4. The two-dimensional distributions of mmax
`γ versus mmin

`γ of DY+γ background events in

the eeγ (left) and µµγ (right) channels, after the event selection, normalized to the cross section

for DY+γ production.

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 as shown in

figure 3. The thresholds are optimized for the best expected exclusion limit, which also

provides the optimal discovery potential. The impact of the energy scale and resolution

uncertainties on the signal acceptance is taken into account for the optimization. The

optimized thresholds have values that are within ±8% of the simulated mass for e∗, and

within ranges that vary from ±4.5% to ±8% of the simulated mass for µ∗.

The search windows defined for m`∗ > 1 TeV, where the background contribution is ex-

pected to be negligible, only impose the lower mmax
`γ threshold of 1 TeV, thereby maximizing

the signal acceptance.

The product of signal acceptance and efficiency (Aεsig) has been measured from the

simulated signal samples, and ranges from 30 to 49% and from 33 to 59% for excited
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Figure 5. The product of signal acceptance and efficiency as a function of the generated resonance

mass for the eeγ (lower) and µµγ (upper) channels. Each marker denotes the value measured from

the simulated signal sample at a given mass point, and the lines represent polynomial fits to the

measured values.

electrons and muons, respectively. The relatively low values of Aεsig at low masses mainly

result from lepton and photon pT thresholds. To determine Aεsig for mass points other

than those of the simulated samples, a polynomial fit to the dependence on m`∗ is used for

interpolation, as shown in figure 5.

7 Systematic uncertainties

The systematic uncertainties in the signal and the background yields are summarized in

table 1. The statistical uncertainties in the data and the simulated samples used for the

background estimation are dominant. These uncertainties are expected to be reduced in

future by producing simulated samples enriched with high pT photons. The statistical

uncertainties in the simulated signal samples used to measure Aεsig are negligible and

therefore not considered in the analysis. The values of the systematic uncertainties for the

jet background estimate coming from control samples in data are also large compared to

other systematic uncertainties, but their impact on the sensitivity of the search is small

since the jet background makes up only 5–15% of the total background.

The integrated luminosity has been measured with a precision of 2.5% [44]. The effect

of pileup modeling on the selection efficiency is measured to be less than a percent over

all mass points, and a 1% uncertainty is assigned for it. Systematic uncertainties in the

signal selection efficiency include uncertainties arising from the trigger selection, lepton

identification [39] and photon identification [40, 41]. Various sources of potential biases

in the selection efficiency measurements are considered to determine such uncertainties.

Uncertainties in the e/γ energy scale and resolution, and muon momentum scale and

resolution translate into uncertainties in the signal acceptance. The effect on the signal

acceptance is evaluated by shifting and smearing the pT of each object by ±1 standard
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Source
eeγ channel (%) µµγ channel (%)

Signal Prompt γ bkg Jet bkg Signal Prompt γ bkg Jet bkg

Integrated 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 —

Jet bkg estimate — — 54–90 — — 54–90

Sample size — 8–44 5–47 — 10–25 6–58

Table 1. Summary of the systematic uncertainties (in %) in the signal yield, the prompt photon

background prediction, and the jet background prediction.

deviation. Although the fraction of energy affected by the e/γ energy scale and resolution

uncertainties is larger for eeγ events than for µµγ events, because the mass window is

narrower and the mass resolution is worse, the impact on the acceptance is measured to

be stronger in the latter case.

Systematic uncertainties in the signal acceptance and background cross sections due to

the PDF choice have been estimated by following the PDF4LHC prescription [45]. Renor-

malization and factorization scale uncertainties are evaluated by varying the scales up and

down by a factor of 2, both simultaneously and independently. The maximum change ob-

served among the corresponding variations in the signal and the background yields is taken

as an estimate of the associated systematic uncertainty. Uncertainties of 2 and 10% are

assigned for the PDF and scale uncertainties in the signal acceptance and the background

yields, respectively.

For the jet background estimate, the following uncertainties are taken into account:

statistical uncertainties in the jet-to-photon misidentification rate measurement (8–72%),

systematic uncertainties in the template distributions used for the misidentification rate

measurement (20%), and systematic uncertainties based on the discrepancies observed in

the closure tests for the jet background determination procedure performed on simulated

samples (50%). The total systematic uncertainty in the jet background prediction is eval-

uated by summing these uncertainties in quadrature and amounts to 54%, increasing to

90% for masses above 1 TeV.

8 Results

Within the uncertainties, the data are found to be consistent with the background predic-

tion as summarized in tables 2 and 3. We set 95% confidence level (CL) upper limits on

the production cross sections of excited electrons and excited muons, and corresponding

lower limits on the compositeness scale Λ, as a function of the excited lepton mass using
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me∗ (GeV) Window (GeV) Ndata Nprompt Njet Aεsig

250 230–270 84 74.4 ± 6.8 ± 8.0 12.5 ± 0.7 ± 6.9 0.30

275 253–297 80 50.9 ± 6.0 ± 5.4 10.0 ± 0.6 ± 5.5 0.32

300 276–324 68 44.7 ± 5.5 ± 4.8 7.6 ± 0.5 ± 4.2 0.33

330 304–356 51 40.4 ± 4.7 ± 4.3 5.9 ± 0.5 ± 3.3 0.35

360 331–389 39 28.1 ± 3.8 ± 3.0 4.0 ± 0.4 ± 2.2 0.36

400 368–432 27 19.4 ± 3.0 ± 2.1 3.3 ± 0.3 ± 1.8 0.38

450 414–486 17 15.8 ± 2.5 ± 1.7 2.8 ± 0.4 ± 1.6 0.40

500 460–540 16 12.3 ± 1.9 ± 1.3 2.3 ± 0.3 ± 1.3 0.42

550 506–594 15 8.2 ± 1.7 ± 0.9 1.6 ± 0.2 ± 0.9 0.43

600 552–648 10 7.6 ± 1.8 ± 0.8 1.2 ± 0.2 ± 0.7 0.44

650 598–702 6 4.9 ± 1.3 ± 0.5 0.8 ± 0.2 ± 0.5 0.45

700 644–756 9 3.6 ± 1.4 ± 0.4 0.5 ± 0.1 ± 0.3 0.45

750 690–810 5 3.4 ± 1.3 ± 0.4 0.3 ± 0.1 ± 0.2 0.46

800 736–864 1 2.9 ± 1.1 ± 0.3 0.3 ± 0.1 ± 0.2 0.46

900 828–972 1 1.5 ± 0.6 ± 0.2 0.1 ± 0.1 ± 0.1 0.47

1000 920–1080 1 0.8 ± 0.8 ± 0.1 0.1 ± 0.1 ± 0.1 0.47

> 1000 ≥ 1058 1 1.4 ± 0.5 ± 0.2 0.1 ± 0.1 ± 0.1 0.49

Table 2. The observed yield and the SM prediction in the search window of the given m`∗ in the

eeγ channel. The symbols Ndata, Nprompt, and Njet represent the number of events in data, the

prompt photon background prediction, and the jet background estimate, respectively, together with

statistical and systematical uncertainties.

a single-bin counting method [46]. The limits are computed with the modified frequentist

CLs method [47, 48], with a likelihood ratio used as a test statistic. The systematic uncer-

tainties are treated as nuisance parameters with log-normal priors. The limits are set in

the mass range between 0.25 and 5.0 TeV.

Figure 6 shows the 95% CL upper limits on the product of the signal cross section and

branching fraction to ``γ final states, σ B(`∗ → `γ) and lower limits on Λ, as a function

of the resonance mass. 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 range from 3.7 to 0.2 fb as a function of m`∗

and are consistent with the expected limits. The fluctuations of the expected limits and

the uncertainty bands, which appear for m`∗ < 1 TeV, are consequences of the statistical

fluctuations from the limited number of simulated events passing the event selection. The

dashed lines in the left plots in figure 6 represent the theoretical cross sections including

the NLO QCD correction factors for Λ = m`∗ , 10, 15, and 25 TeV, in the sequence on the

plot from bottom to top.
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mµ∗ (GeV) Window (GeV) Ndata Nprompt Njet Aεsig

250 238–262 41 43.8 ± 4.9 ± 4.9 8.7 ± 0.6 ± 4.8 0.33

275 261–289 38 42.8 ± 5.0 ± 4.8 6.8 ± 0.5 ± 3.8 0.35

300 284–316 47 35.4 ± 4.6 ± 4.0 6.5 ± 0.6 ± 3.6 0.37

330 312–348 23 33.1 ± 3.9 ± 3.7 5.1 ± 0.5 ± 2.8 0.39

360 340–380 24 25.8 ± 3.0 ± 2.9 3.7 ± 0.4 ± 2.0 0.41

400 376–424 26 22.8 ± 3.0 ± 2.6 2.2 ± 0.3 ± 1.2 0.44

450 422–478 17 15.1 ± 2.3 ± 1.7 1.8 ± 0.3 ± 1.0 0.46

500 467–533 14 9.8 ± 1.6 ± 1.1 1.8 ± 0.3 ± 1.0 0.48

550 512–588 11 10.8 ± 1.8 ± 1.2 1.0 ± 0.2 ± 0.5 0.49

600 556–644 8 5.8 ± 1.2 ± 0.7 0.7 ± 0.2 ± 0.4 0.51

650 600–700 10 6.8 ± 1.1 ± 0.8 0.6 ± 0.1 ± 0.3 0.52

700 644–756 5 5.8 ± 1.0 ± 0.7 0.4 ± 0.1 ± 0.2 0.52

750 690–810 6 5.1 ± 1.0 ± 0.6 0.3 ± 0.1 ± 0.2 0.53

800 736–864 3 4.5 ± 1.0 ± 0.5 0.2 ± 0.1 ± 0.1 0.53

900 828–972 2 3.1 ± 0.8 ± 0.4 0.1 ± 0.1 ± 0.1 0.54

1000 920–1080 0 1.1 ± 0.3 ± 0.1 0.1 ± 0.0 ± 0.1 0.54

> 1000 ≥ 1058 3 1.5 ± 0.3 ± 0.2 0.0 ± 0.0 ± 0.0 0.59

Table 3. The observed yield and the SM prediction in the search window of the given m`∗ in the

µµγ channel. The symbols Ndata, Nprompt, and Njet represent the number of events in data, the

prompt photon background prediction, and the jet background estimate, respectively, together with

statistical and systematical uncertainties.

Channel
Observed (expected) limit Observed (expected) limit

on m`∗ for m`∗ = Λ, TeV on Λ for m`∗ ≈ 1 TeV, TeV

eeγ 3.9 (3.8) 25 (23)

µµγ 3.8 (3.9) 25 (23)

Table 4. Summary of the observed (expected) lower limits on m`∗ , assuming Λ = m`∗ , and the

best observed (expected) lower limits on Λ in the mass range 0.5–1.0 TeV.

The 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 Λ = m`∗ . The exclusion on Λ ranges from 15 to 25 TeV in

the mass range m`∗ between 0.25 and 1.0 TeV, and decreases with increasing mass up to

approximately 4 TeV for m`∗ > 1.0 TeV. 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. A summary of representative exclusion limits is given in table 4.
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Figure 6. Observed (solid) and expected (dashed) 95% CL upper limits on the product of the

production cross section and branching fraction (left column) and lower limits on the compositeness

scale (right column) as a function of signal mass m`∗ , together with the 68% (green, inner) and

95% (yellow, outer) quantiles of the expected limit, for e∗ (upper row) and µ∗ (lower row).

9 Summary

A search has been presented for excited electrons and muons in ``γ final states at the

LHC. The search is based on a data sample corresponding to an integrated luminosity of

35.9 fb−1 of proton-proton collisions at a center-of-mass energy of 13 TeV, collected with

the CMS detector in 2016. No significant excess over the standard model prediction is

observed in the data, and 95% confidence level upper and lower limits are set on the

product of the signal production cross section and branching fraction to ``γ final states

and the compositeness scale, respectively, as a function of the excited lepton mass. The

observed limits on the product of the signal cross section and the branching fraction range

from 3.7 to 0.2 fb as a function of m`∗ . Excited electrons and muons are excluded for

masses below 3.9 and 3.8 TeV, respectively, under the assumption that the excited lepton
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mass equals the compositeness scale. The best observed limit on the compositeness scale is

obtained with an excited lepton mass of around 1.0 TeV, excluding a compositeness scale

below 25 TeV for both excited electrons and muons. These are the first results of a search

at
√
s = 13 TeV for excited leptons and also the most stringent limits on the excited lepton

mass and the compositeness scale to date.
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R. Leonardia,b, E. Manonia, G. Mantovania,b, V. Mariania,b, M. Menichellia, A. Rossia,b,

A. Santocchiaa,b, D. Spigaa

– 24 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5
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– 28 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

A. Sharma, P. Silva, P. Sphicas46, A. Stakia, J. Steggemann, D. Treille, A. Tsirou,

V. Veckalns47, M. Verzetti, W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland

L. Caminada48, K. Deiters, W. Erdmann, R. Horisberger, Q. Ingram, H.C. Kaestli,

D. Kotlinski, U. Langenegger, T. Rohe, S.A. Wiederkehr

ETH Zurich — Institute for Particle Physics and Astrophysics (IPA), Zurich,

Switzerland

M. Backhaus, L. Bäni, P. Berger, N. Chernyavskaya, G. Dissertori, M. Dittmar, M. Donegà,
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Çukurova University, Physics Department, Science and Art Faculty, Adana,

Turkey

M.N. Bakirci50, A. Bat, F. Boran, S. Damarseckin, Z.S. Demiroglu, F. Dolek, C. Dozen,

S. Girgis, G. Gokbulut, Y. Guler, E. Gurpinar, I. Hos51, C. Isik, E.E. Kangal52, O. Kara,

A. Kayis Topaksu, U. Kiminsu, M. Oglakci, G. Onengut, K. Ozdemir53, A. Polatoz,

D. Sunar Cerci54, B. Tali54, U.G. Tok, H. Topakli50, S. Turkcapar, I.S. Zorbakir, C. Zor-

bilmez

Middle East Technical University, Physics Department, Ankara, Turkey

B. Isildak55, G. Karapinar56, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey

I.O. Atakisi, E. Gülmez, M. Kaya57, O. Kaya58, S. Ozkorucuklu59, S. Tekten, E.A. Yetkin60

Istanbul Technical University, Istanbul, Turkey

M.N. Agaras, A. Cakir, K. Cankocak, Y. Komurcu, S. Sen61

– 29 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

Institute for Scintillation Materials of National Academy of Science of Ukraine,

Kharkov, Ukraine

B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology,

Kharkov, Ukraine

L. Levchuk

University of Bristol, Bristol, United Kingdom

F. Ball, J.J. Brooke, D. Burns, E. Clement, D. Cussans, O. Davignon, H. Flacher,

J. Goldstein, G.P. Heath, H.F. Heath, L. Kreczko, D.M. Newbold62, S. Paramesvaran,

B. Penning, T. Sakuma, D. Smith, V.J. Smith, J. Taylor, A. Titterton

Rutherford Appleton Laboratory, Didcot, United Kingdom

K.W. Bell, A. Belyaev63, C. Brew, R.M. Brown, D. Cieri, D.J.A. Cockerill, J.A. Coughlan,

K. Harder, S. Harper, J. Linacre, K. Manolopoulos, E. Olaiya, D. Petyt, C.H. Shepherd-

Themistocleous, A. Thea, I.R. Tomalin, T. Williams, W.J. Womersley

Imperial College, London, United Kingdom

R. Bainbridge, P. Bloch, J. Borg, S. Breeze, O. Buchmuller, A. Bundock, D. Colling,

P. Dauncey, G. Davies, M. Della Negra, R. Di Maria, G. Hall, G. Iles, T. James, M. Komm,

C. Laner, L. Lyons, A.-M. Magnan, S. Malik, A. Martelli, J. Nash64, A. Nikitenko7,

V. Palladino, M. Pesaresi, D.M. Raymond, A. Richards, A. Rose, E. Scott, C. Seez,

A. Shtipliyski, G. Singh, M. Stoye, T. Strebler, S. Summers, A. Tapper, K. Uchida,

T. Virdee16, N. Wardle, D. Winterbottom, J. Wright, S.C. Zenz

Brunel University, Uxbridge, United Kingdom

J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, C.K. Mackay, A. Morton, I.D. Reid,

L. Teodorescu, S. Zahid

Baylor University, Waco, U.S.A.

K. Call, J. Dittmann, K. Hatakeyama, H. Liu, C. Madrid, B. McMaster, N. Pastika,

C. Smith

Catholic University of America, Washington, DC, U.S.A.

R. Bartek, A. Dominguez

The University of Alabama, Tuscaloosa, U.S.A.

A. Buccilli, S.I. Cooper, C. Henderson, P. Rumerio, C. West

Boston University, Boston, U.S.A.

D. Arcaro, T. Bose, D. Gastler, D. Pinna, D. Rankin, C. Richardson, J. Rohlf, L. Sulak,

D. Zou

Brown University, Providence, U.S.A.

G. Benelli, X. Coubez, D. Cutts, M. Hadley, J. Hakala, U. Heintz, J.M. Hogan65,

K.H.M. Kwok, E. Laird, G. Landsberg, J. Lee, Z. Mao, M. Narain, S. Sagir66, R. Syarif,

E. Usai, D. Yu

– 30 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

University of California, Davis, Davis, U.S.A.

R. Band, C. Brainerd, R. Breedon, D. Burns, M. Calderon De La Barca Sanchez,

M. Chertok, J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, W. Ko,

O. Kukral, R. Lander, M. Mulhearn, D. Pellett, J. Pilot, S. Shalhout, M. Shi, D. Stolp,

D. Taylor, K. Tos, M. Tripathi, Z. Wang, F. Zhang

University of California, Los Angeles, U.S.A.

M. Bachtis, C. Bravo, R. Cousins, A. Dasgupta, A. Florent, J. Hauser, M. Ignatenko,

N. Mccoll, S. Regnard, D. Saltzberg, C. Schnaible, V. Valuev

University of California, Riverside, Riverside, U.S.A.

E. Bouvier, K. Burt, R. Clare, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson, G. Karapos-

toli, E. Kennedy, F. Lacroix, O.R. Long, M. Olmedo Negrete, M.I. Paneva, W. Si, L. Wang,

H. Wei, S. Wimpenny, B.R. Yates

University of California, San Diego, La Jolla, U.S.A.

J.G. Branson, P. Chang, S. Cittolin, M. Derdzinski, R. Gerosa, D. Gilbert, B. Hashemi,

A. Holzner, D. Klein, G. Kole, V. Krutelyov, J. Letts, M. Masciovecchio, D. Olivito,

S. Padhi, M. Pieri, M. Sani, V. Sharma, S. Simon, M. Tadel, A. Vartak, S. Wasserbaech67,

J. Wood, F. Würthwein, A. Yagil, G. Zevi Della Porta

University of California, Santa Barbara — Department of Physics, Santa

Barbara, U.S.A.

N. Amin, R. Bhandari, C. Campagnari, M. Citron, V. Dutta, M. Franco Sevilla, L. Gouskos,

R. Heller, J. Incandela, A. Ovcharova, H. Qu, J. Richman, D. Stuart, I. Suarez, S. Wang,

J. Yoo

California Institute of Technology, Pasadena, U.S.A.

D. Anderson, A. Bornheim, J.M. Lawhorn, N. Lu, H.B. Newman, T.Q. Nguyen, M. Spirop-

ulu, J.R. Vlimant, R. Wilkinson, S. Xie, Z. Zhang, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, U.S.A.

M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, M. Sun, I. Vorobiev, M. Weinberg

University of Colorado Boulder, Boulder, U.S.A.

J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, E. MacDonald, T. Mulholland, R. Patel,

A. Perloff, K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, U.S.A.

J. Alexander, J. Chaves, Y. Cheng, J. Chu, A. Datta, K. Mcdermott, N. Mirman,

J.R. Patterson, D. Quach, A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao,

J. Thom, J. Tucker, P. Wittich, M. Zientek

Fermi National Accelerator Laboratory, Batavia, U.S.A.

S. Abdullin, M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee,

L.A.T. Bauerdick, A. Beretvas, J. Berryhill, P.C. Bhat, K. Burkett, J.N. Butler, A. Canepa,

G.B. Cerati, H.W.K. Cheung, F. Chlebana, M. Cremonesi, J. Duarte, V.D. Elvira,

J. Freeman, Z. Gecse, E. Gottschalk, L. Gray, D. Green, S. Grünendahl, O. Gutsche,

– 31 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

J. Hanlon, R.M. Harris, S. Hasegawa, J. Hirschauer, Z. Hu, B. Jayatilaka, S. Jindariani,

M. Johnson, U. Joshi, B. Klima, M.J. Kortelainen, B. Kreis, S. Lammel, D. Lincoln,

R. Lipton, M. Liu, T. Liu, J. Lykken, K. Maeshima, J.M. Marraffino, D. Mason, P. McBride,

P. Merkel, S. Mrenna, S. Nahn, V. O’Dell, K. Pedro, C. Pena, O. Prokofyev, G. Rakness,

L. Ristori, A. Savoy-Navarro68, B. Schneider, E. Sexton-Kennedy, A. Soha, W.J. Spalding,

L. Spiegel, S. Stoynev, J. Strait, N. Strobbe, L. Taylor, S. Tkaczyk, N.V. Tran, L. Uplegger,

E.W. Vaandering, C. Vernieri, M. Verzocchi, R. Vidal, M. Wang, H.A. Weber, A. Whitbeck

University of Florida, Gainesville, U.S.A.

D. Acosta, P. Avery, P. Bortignon, D. Bourilkov, A. Brinkerhoff, L. Cadamuro, A. Carnes,

D. Curry, R.D. Field, S.V. Gleyzer, B.M. Joshi, J. Konigsberg, A. Korytov, K.H. Lo,

P. Ma, K. Matchev, H. Mei, G. Mitselmakher, D. Rosenzweig, K. Shi, D. Sperka, J. Wang,

S. Wang, X. Zuo

Florida International University, Miami, U.S.A.

Y.R. Joshi, S. Linn

Florida State University, Tallahassee, U.S.A.

A. Ackert, T. Adams, A. Askew, S. Hagopian, V. Hagopian, K.F. Johnson, T. Kolberg,

G. Martinez, T. Perry, H. Prosper, A. Saha, C. Schiber, R. Yohay

Florida Institute of Technology, Melbourne, U.S.A.

M.M. Baarmand, V. Bhopatkar, S. Colafranceschi, M. Hohlmann, D. Noonan, M. Rahmani,

T. Roy, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, U.S.A.

M.R. Adams, L. Apanasevich, D. Berry, R.R. Betts, R. Cavanaugh, X. Chen, S. Dittmer,

O. Evdokimov, C.E. Gerber, D.A. Hangal, D.J. Hofman, K. Jung, J. Kamin, C. Mills,

M.B. Tonjes, N. Varelas, H. Wang, X. Wang, Z. Wu, J. Zhang

The University of Iowa, Iowa City, U.S.A.

M. Alhusseini, B. Bilki69, W. Clarida, K. Dilsiz70, S. Durgut, R.P. Gandrajula, M. Hayt-

myradov, V. Khristenko, J.-P. Merlo, A. Mestvirishvili, A. Moeller, J. Nachtman,

H. Ogul71, Y. Onel, F. Ozok72, A. Penzo, C. Snyder, E. Tiras, J. Wetzel

Johns Hopkins University, Baltimore, U.S.A.

B. Blumenfeld, A. Cocoros, N. Eminizer, D. Fehling, L. Feng, A.V. Gritsan, W.T. Hung,

P. Maksimovic, J. Roskes, U. Sarica, M. Swartz, M. Xiao, C. You

The University of Kansas, Lawrence, U.S.A.

A. Al-bataineh, P. Baringer, A. Bean, S. Boren, J. Bowen, A. Bylinkin, J. Castle, S. Khalil,

A. Kropivnitskaya, D. Majumder, W. Mcbrayer, M. Murray, C. Rogan, S. Sanders,

E. Schmitz, J.D. Tapia Takaki, Q. Wang

Kansas State University, Manhattan, U.S.A.

S. Duric, A. Ivanov, K. Kaadze, D. Kim, Y. Maravin, D.R. Mendis, T. Mitchell, A. Modak,

A. Mohammadi, L.K. Saini

– 32 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

Lawrence Livermore National Laboratory, Livermore, U.S.A.

F. Rebassoo, D. Wright

University of Maryland, College Park, U.S.A.

A. Baden, O. Baron, A. Belloni, S.C. Eno, Y. Feng, C. Ferraioli, N.J. Hadley, S. Jabeen,

G.Y. Jeng, R.G. Kellogg, J. Kunkle, A.C. Mignerey, S. Nabili, F. Ricci-Tam, M. Seidel,

Y.H. Shin, A. Skuja, S.C. Tonwar, K. Wong

Massachusetts Institute of Technology, Cambridge, U.S.A.

D. Abercrombie, B. Allen, V. Azzolini, A. Baty, G. Bauer, R. Bi, S. Brandt, W. Busza,

I.A. Cali, M. D’Alfonso, Z. Demiragli, G. Gomez Ceballos, M. Goncharov, P. Harris,

D. Hsu, M. Hu, Y. Iiyama, G.M. Innocenti, M. Klute, D. Kovalskyi, Y.-J. Lee, P.D. Luckey,

B. Maier, A.C. Marini, C. Mcginn, C. Mironov, S. Narayanan, X. Niu, C. Paus, C. Roland,

G. Roland, Z. Shi, G.S.F. Stephans, K. Sumorok, K. Tatar, D. Velicanu, J. Wang,

T.W. Wang, B. Wyslouch

University of Minnesota, Minneapolis, U.S.A.

A.C. Benvenuti†, R.M. Chatterjee, A. Evans, P. Hansen, J. Hiltbrand, Sh. Jain, S. Kalafut,

M. Krohn, Y. Kubota, Z. Lesko, J. Mans, N. Ruckstuhl, R. Rusack, M.A. Wadud

University of Mississippi, Oxford, U.S.A.

J.G. Acosta, S. Oliveros

University of Nebraska-Lincoln, Lincoln, U.S.A.

E. Avdeeva, K. Bloom, D.R. Claes, C. Fangmeier, F. Golf, R. Gonzalez Suarez, R. Ka-

malieddin, I. Kravchenko, J. Monroy, J.E. Siado, G.R. Snow, B. Stieger

State University of New York at Buffalo, Buffalo, U.S.A.

A. Godshalk, C. Harrington, I. Iashvili, A. Kharchilava, C. Mclean, D. Nguyen, A. Parker,

S. Rappoccio, B. Roozbahani

Northeastern University, Boston, U.S.A.

G. Alverson, E. Barberis, C. Freer, Y. Haddad, A. Hortiangtham, D.M. Morse, T. Orimoto,

R. Teixeira De Lima, T. Wamorkar, B. Wang, A. Wisecarver, D. Wood

Northwestern University, Evanston, U.S.A.

S. Bhattacharya, J. Bueghly, O. Charaf, K.A. Hahn, N. Mucia, N. Odell, M.H. Schmitt,

K. Sung, M. Trovato, M. Velasco

University of Notre Dame, Notre Dame, U.S.A.

R. Bucci, N. Dev, M. Hildreth, K. Hurtado Anampa, C. Jessop, D.J. Karmgard, N. Kellams,

K. Lannon, W. Li, N. Loukas, N. Marinelli, F. Meng, C. Mueller, Y. Musienko36, M. Planer,

A. Reinsvold, R. Ruchti, P. Siddireddy, G. Smith, S. Taroni, M. Wayne, A. Wightman,

M. Wolf, A. Woodard

The Ohio State University, Columbus, U.S.A.

J. Alimena, L. Antonelli, B. Bylsma, L.S. Durkin, S. Flowers, B. Francis, C. Hill, W. Ji,

T.Y. Ling, W. Luo, B.L. Winer

– 33 –



J
H
E
P
0
4
(
2
0
1
9
)
0
1
5

Princeton University, Princeton, U.S.A.

S. Cooperstein, P. Elmer, J. Hardenbrook, S. Higginbotham, A. Kalogeropoulos, D. Lange,

M.T. Lucchini, J. Luo, D. Marlow, K. Mei, I. Ojalvo, J. Olsen, C. Palmer, P. Piroué,
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22: Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd

University, Budapest, Hungary

23: Also at Indian Institute of Technology Bhubaneswar, Bhubaneswar, India

24: Also at Institute of Physics, Bhubaneswar, India

25: Also at Shoolini University, Solan, India

26: Also at University of Visva-Bharati, Santiniketan, India

27: Also at Isfahan University of Technology, Isfahan, Iran

28: Also at Plasma Physics Research Center, Science and Research Branch, Islamic Azad

University, Tehran, Iran
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