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Abstract

A new search signature for excited leptons is explored. Excited muons are sought in the
channel pp→ µµ∗ → µµ jet jet, assuming both the production and decay occur via a contact
interaction. The analysis is based on 20.3 fb−1 of pp collision data at a centre-of-mass energy
of
√

s = 8 TeV taken with the ATLAS detector at the Large Hadron Collider. No evidence
of excited muons is found, and limits are set at the 95% confidence level on the cross section
times branching ratio as a function of the excited-muon mass mµ∗ . For mµ∗ between 1.3 TeV
and 3.0 TeV, the upper limit on σB(µ∗ → µqq̄) is between 0.6 and 1 fb. Limits on σB are
converted to lower bounds on the compositeness scale Λ. In the limiting case Λ = mµ∗ ,
excited muons with a mass below 2.8 TeV are excluded. With the same model assumptions,
these limits at larger µ∗ masses improve upon previous limits from traditional searches based
on the gauge-mediated decay µ∗ → µγ.
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1 Introduction

The Standard Model (SM) of particle physics successfully describes a wide range of phenomena but does
not explain the generational structure and mass hierarchy of quarks and leptons. Composite models of
fermions [1–7] aim to reduce the number of matter constituents by postulating that SM fermions are
bound states of more fundamental particles. A direct consequence of substructure would be the existence
of excited fermion states.

This paper reports on a search for an excited muon µ∗ using 20.3 fb−1 of pp collision data at a centre-
of-mass energy of

√
s = 8 TeV recorded in 2012 with the ATLAS detector at the Large Hadron Collider

(LHC). The search is based on a benchmark model [7] that describes excited-fermion interactions with
an effective Lagrangian containing four-fermion contact interactions and gauge-mediated interactions. A
contact interaction decay signature not previously employed in excited leptons searches, µ∗ → µ j j ( j
represents a jet), is used.

In this paper, as in Ref. [7], the model is assumed to be valid for µ∗ masses up to the compositeness scale.
The contact interaction terms are described by the Lagrangian

Lcontact =
g2
∗

2Λ2 jµ jµ, with jµ = η f Lγµ fL + η′ f
∗

Lγµ f ∗L + η′′ f
∗

Lγµ fL + h.c.,

where Λ is the compositeness scale; jµ is the fermion current for ground states ( f ) and excited states
( f ∗); g∗ and the η’s are constants; “h.c.” stands for Hermitian conjugate; and only left-handed fermion
interactions are assumed. As is done in Ref. [7], g2

∗ is set to 4π, and η, η′, and η′′ are taken to be one
for all fermions. To calculate branching ratios, the compositeness scale Λ is assumed to be the same for
gauge-mediated interactions, and the parameters f and f ′ in Ref. [7] are taken to be one.

The search described here focuses on the predominant single-µ∗ production via the contact interaction
(qq → µ∗µ) followed by the decay of the excited muon via the contact interaction to µqq, leading to a
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Figure 1: Feynman diagram for the process qq→ µ∗µ→ µµqq, where both the production and decay are via contact
interactions.

final state with two muons and two jets (figure 1). Top quarks from excited muons with masses accessible
in the 8-TeV LHC data would not have sufficient energy to form narrow jets and are excluded from
the analysis in this paper. Previous searches at LEP [8–11], the Tevatron [12–15], and the LHC [16–20]
looked for the gauge-mediated decay µ∗ → µγ. The analysis reported in Ref. [20] also includes the gauge-
mediated decay µ∗ → µZ followed by Z → `` or qq̄. In the model of Ref. [7], this decay is dominant
at low µ∗ mass, but for mµ∗ & 0.25Λ, the µqq̄ decay mode is expected to have the largest branching
ratio, rising to 65% for mµ∗ = Λ. The search reported here complements the search in the µγ channel
and increases the sensitivity of the search for excited muons at higher masses. The ATLAS Collaboration
recently published [21] another new search signature for excited muons decaying via a contact interaction
to µ``, where ` is an electron or a muon.

2 ATLAS detector

The ATLAS experiment [22] uses a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and a near 4π coverage in solid angle.1 It consists of an inner tracking detector
surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and
hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |η| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity. A hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range
(|η| < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for EM and hadronic
energy measurements up to |η| = 4.9. The muon spectrometer surrounding the calorimeters covers the
pseudorapidty range |η| < 2.7 and is based on three large air-core toroid superconducting magnets with
eight coils each. Their bending power is in the range from 2.0 to 7.5 T m. The muon spectrometer
consists of three stations of precision tracking chambers and fast detectors for triggering. The majority
of the precision tracking chambers are composed of drift tubes, while cathode-strip chambers provide
coverage in the inner stations of the forward region for 2.0 < |η| < 2.7. A three-level trigger system is

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in terms of
∆R ≡

√
(∆η)2 + (∆φ)2.
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used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to reduce the accepted rate to at most 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average, depending on the data-taking
conditions during 2012.

3 Signal and background simulation

Simulation of the excited-muon signal is based on calculations from Ref. [7]. Signal samples are generated
at leading order (LO) with CompHEP 4.5.1 [23] using MSTW2008lo [24] parton distribution functions
(PDFs). CompHEP is interfaced with Pythia 8.170 [25, 26] with the AU2 parameters settings [27] for
the simulation of parton showers and hadronization. Only the production of µµ∗ followed by the decay
µ∗ → µqq̄ is simulated. Signal samples are produced for Λ = 5 TeV and for the µ∗ masses given in
table 2. The distributions of kinematic variables should be independent of Λ, which was checked with
generator-level studies. For a compositeness scale of Λ = 5 TeV, cross section times branching ratios are
10.4, 2.9, and 0.21 fb for µ∗ masses of 500, 1500, and 2500 GeV, respectively. The intrinsic total width
of the µ∗ is expected to be less than 8% for mµ∗ < Λ, which is smaller than the mass resolution of about
20% over the range of µ∗ masses considered here.

The dominant background is from the process Z/γ∗ → µµ produced in association with jets (Z/γ∗+ jets).
The second most important background is tt̄ production. Other processes, such as diboson (WW, WZ,
and ZZ), single-top, W+ jets, and multi-jet production, give small contributions to the background.

The Z/γ∗+ jets samples are produced by the multi-leg LO generator Sherpa 1.4.1 [28] using CT10 [29]
PDFs. The cross section for Z/γ∗ → µµ (mµµ > 70 GeV) plus any number of jets is 1.24 nb, calculated at
next-to-leading order (NLO), corrected by a K-factor [30, 31] to next-to-next-to-leading order (NNLO)
in QCD couplings and NLO in electroweak couplings. The tt̄ events are generated at the parton level at
NLO with Powheg 1.0 [32] and the Perugia 2011c parameter settings [33], and the parton showering is
done with Pythia 6.426 [34]. At least one of the t or t must have a semileptonic decay (e, µ, or τ), giving
a cross section for this process of 137 pb, calculated at NNLO + next-to-next-to-leading-log (NNLL) ac-
curacy [35]. The diboson background samples are produced at LO by Herwig 6.52 [36] with the AUET2
parameter settings [37] using CTEQ6L1 PDFs, and it is required that at least one light lepton (e or µ) with
transverse momentum (pT) above 10 GeV be produced. The W+ jets samples are produced by the multi-
leg LO generator Alpgen 2.14 [38] with Jimmy 4.31 [39] and Herwig 6.52 using the AUET2 parameter
settings with CTEQ6L1 PDFs, and the cross section is calculated at NNLO [30, 31]. The multi-jet samples
are generated at LO by Pythia 8.160 using the AU2 parameter settings with CT10 PDFs. The single-top t-
channel samples are generated at LO corrected to NLO + NNLL by AcerMC 3.8 [40] using the AUET2B
parameters settings [41] with the CTEQ6L1 PDFs, and the parton showering is done with Pythia 6.426.
The single-top s- and Wt-channel samples are generated at NLO with MC@NLO 4.01 [42–44] using
the AUET2 parameters settings with CT10 PDFs. The background predictions from the Z/γ∗+ jets and
tt̄ samples are normalized using control regions discussed in Section 5. Cross sections for diboson pro-
cesses are evaluated at NLO [45] with an uncertainty of 5%. The W+ jets and multi-jet backgrounds are
determined from the Monte Carlo (MC) samples but are verified using data-driven methods. A summary
of the Standard Model samples used in this analysis is given in table 1.

The generated samples are processed using a detailed detector simulation [46] based on Geant4 [47] to
propagate the particles through the detector material and account for the detector response. Simulated
minimum-bias events are overlaid on both the signal and background samples to reproduce the effect
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Process Generator Parton showering/ PDF
hadronization

Z/γ∗ (→ µµ) + jets Sherpa 1.4.1 Sherpa 1.4.1 CT10
tt̄ (≥ 1`) Powheg 1.0 Pythia 6.426 CT10
WW, WZ, ZZ (≥ 1`) Herwig 6.52 Herwig 6.52 CTEQ6L1
Single top, t-channel AcerMC 3.8 Pythia 6.426 CTEQ6L1
Single top, s-channel MC@NLO 4.01 Jimmy 4.31 + Herwig 6.52 CT10
Single top, Wt-channel MC@NLO 4.01 Jimmy 4.31 + Herwig 6.52 CT10
W (→ µν) + jets Alpgen 2.14 Jimmy 4.31 + Herwig 6.52 CTEQ6L1
Multi-jet Pythia 8.160 Pythia 8.160 CT10
Signal (µµ∗ → µµ j j) CompHEP 4.5.1 Pythia 8.170 MSTW2008lo

Table 1: Summary of the background and signal MC sample generation used in this search. The columns give the
process generated, the generator program, the parton shower program, and the PDF utilized.

of additional pp collisions. The simulated events are weighted to give a distribution of the number of
interactions per bunch crossing that agrees with the data. The simulated background and signal events are
processed with the same reconstruction programs as used for the data.

4 Data set and event selection

The data were collected in 2012 during stable-beam periods of
√

s = 8 TeV pp collisions. After selecting
events where the relevant parts of the detector were functioning properly, the data correspond to an integ-
rated luminosity of 20.3 fb−1. The events are required to pass at least one of two single-muon triggers.
The first has a nominal pT threshold of 36 GeV, and the second has a lower nominal threshold of 24 GeV
but also has an isolation requirement that the sum of the pT of tracks with pT above 1 GeV and within a
distance of ∆R = 0.2 of the muon, excluding the muon from the sum, divided by the pT of the muon is
less than 0.12.

A primary vertex with at least three tracks with pT > 0.4 GeV within 200 mm of the centre of the detector
along the beam direction is required. If there is more than one primary vertex in an event, the one with
the highest sum of p2

T is selected, where the sum is over all tracks associated with the vertex.

Each muon candidate must be reconstructed independently in both the inner detector and the muon spec-
trometer. Its momentum is determined by a combination of the two measurements using their covariance
matrices. Only muon candidates with pµT above 30 GeV are considered. Muons must have a minimum
number of hits in the inner detector and hits in each of the inner, middle, and outer layers of the muon
spectrometer. These hit requirements, which restrict the muon acceptance to |η| < 2.5, guarantee a pre-
cise momentum measurement. To suppress background from cosmic rays, the muon tracks are required
to have transverse and longitudinal impact parameters |d0| < 0.2 mm and |z0| < 1 mm with respect to
the selected primary vertex. To reduce background from semileptonic decays of heavy-flavour hadrons,
each muon is required to be isolated such that

∑
pT/pµT < 0.05, where the sum is over inner-detector

tracks with pT > 1 GeV within a distance ∆R = 0.3 of the candidate muon, excluding the muon from the
sum. The muon trigger and reconstruction efficiencies are evaluated using tag-and-probe techniques with
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Z → µµ events [48, 49], and pT- and η-dependent corrections are applied to simulated events. Events are
required to have exactly two muons of opposite charge that meet these selection requirements.

Although electrons are not part of the signal for this search, they are used to define one of the control
regions (see Section 5). Each electron candidate is formed from the energy in a cluster of cells in the
electromagnetic calorimeter associated with a charged-particle track in the inner detector. Each electron
must have pT above 30 GeV and have |η| < 2.47 but not be in the interval 1.37 < |η| < 1.52 to avoid the
transition region between the barrel and endcap calorimeters. The ATLAS tight electron identification
criteria (based on the methodology described in [50] and updated for 2012 running conditions) for the
transverse shower shape, longitudinal leakage into the hadronic calorimeter, the association with an inner-
detector track, and hits in the transition radiation detector are applied to the cluster. An electron track is
required to have transverse and longitudinal impact parameters |d0| < 1 mm and |z0| < 5 mm with
respect to the selected primary vertex. Finally, the electrons must pass the isolation requirement

∑
ET <

0.007Ee
T + 5 GeV, where the sum is of transverse energies deposited in cells within a cone of ∆R = 0.2

around the electron, excluding those cells associated with the electron, and Ee
T is the transverse energy of

the electron.

Jets of hadrons are reconstructed using the anti-kt algorithm [51] with a radius parameter of R = 0.4
applied to clusters of calorimeter cells that are topologically connected. The jets are calibrated using
energy- and η-dependent correction factors derived from simulation and with residual corrections from in-
situ measurements [52]. Jets are required to have |η| < 2.8 and pT > 30 GeV. Jets that overlap (∆R < 0.4)
any electron or muon candidate satisfying the selection criteria described above are removed. The two
jets with the highest pT are then selected.

The missing transverse momentum vector is the negative of the vector sum of the transverse momenta of
muons, electrons, photons [53], jets, and clusters of calibrated calorimeter cells not associated with these
objects. The missing transverse energy is the magnitude of the missing transverse momentum vector.

5 Background determination

Most of the SM background contributions are estimated from the MC samples. The expected yields
from the Z/γ∗+ jets and tt̄ production processes are normalized to the data using control regions. The
Z/γ∗+ jets control region is defined by 70 < mµµ < 110 GeV in addition to the selection criteria given
in Section 4. The tt̄ control region is defined as events that meet the selection requirements given in
Section 4, except there is exactly one muon and one electron of opposite sign, so it should contain no
signal events. The normalization scale factors are determined from simultaneous fits to data in the control
and signal regions (see Section 8). The scale factors are primarily determined from the control regions,
giving the same values in all cases. From the fits, the scale factor is 1.010+0.087

−0.066 for the Z/γ∗+ jets sample
and is 1.050 ± 0.013 for the tt̄ sample. The MC predictions agree well with the data in the control regions,
as can be seen, for example, in figure 2(a).

A jet can produce a prompt muon candidate either from the semileptonic decay of a heavy quark or
from misidentification of a charged hadron in the jet as a muon. The expected background from jets,
primarily from W+ jets and multi-jet processes, is determined from MC samples, giving zero expected
events. This prediction is checked by the data-driven matrix method [54], which uses isolated and non-
isolated muons and their data-determined efficiencies and misidentification rates to determine the number
of prompt muons. The matrix method predicts −0.07 ± 0.55 events from these backgrounds.

6



0 0.5 1 1.5 2 2.5 3 3.5 4

 E
v
e

n
ts

 /
 0

.2
 T

e
V

­110

1

10

210

310

410

510 µµ →* γZ/

tt

ττ →Z 

Diboson

W + jets

Single top

data

ATLAS

 = 8 TeVs

­1
 L dt = 20.3 fb∫

Z Control Region

 [TeV]
jjµµm

0 0.5 1 1.5 2 2.5 3 3.5 4

D
a

ta
 /

 B
k
g

 

0

1

2

(a) Z/γ∗+ jets Control Region

 [TeV]
jjµµm

0 0.5 1 1.5 2 2.5 3 3.5 4

 E
v
e

n
ts

 /
 0

.2
 T

e
V

­110

1

10

µµ →* γZ/

tt

Diboson

 = 0.5 TeV
*µm

 = 2 TeV
*µm

 = 3 TeV
*µm

data

ATLAS

­1
 L dt = 20.3 fb∫
 = 8 TeVs

(b) SR 2

Figure 2: The µµ j j mass distribution for (a) the Z/γ∗+ jets control region with the MC predictions and (b) for SR
2 (mµµ > 550 GeV, S T > 900 GeV, and mµµ j j > 1000 GeV) with three representative signal distributions for µ∗

masses of 500, 2000, and 3000 GeV and for Λ = 5 TeV. The background expectations are determined after the fit,
and the grey band on the ratio plot in (a) gives the systematic uncertainty. For (b) there are no expected events from
the single top, W+ jets, and Z → ττ processes. SR 2 is not the most sensitive signal region for the latter two mµ∗

masses. They are shown for comparison.

6 Signal regions

Signal regions (SR) are defined by three kinematic variables - the dimuon invariant mass mµµ, the invariant
mass mµµ j j of the two muons and two jets ( j), and S T, the scalar sum of transverse momenta of the four
signal objects, that is, S T = pµ1

T + pµ2
T + p j1

T + p j2
T .2

For all three of these variables, the signal tends to have higher values than the backgrounds, so all criteria
are lower bounds in the selection. The values of these bounds are chosen to maximize the search sensit-
ivity for each signal mass considered by scanning the three-dimensional parameter space for the values
that minimize the expected 95% confidence level (CL) upper limit on the cross section times branching
ratio. The selection criteria for the signal regions are shown in table 2. The mµµ j j and S T criteria increase
with increasing signal mass, but the mµµ criterion decreases. The latter is because the increase in the other
parameters sufficiently reduces the expected background so that the signal efficiency may be increased by
decreasing the mµµ criterion.

The dominant background in all signal regions is from the Z/γ∗+ jets process, which is 50% of the
background in SR 1, rising to 90% or more in SR 5 through SR 10. The tt̄ process contributes 40% of
the background in SR 1, but this contribution falls quickly to 10% or less in SR 3 through SR 10. The
contribution to the background from all other processes is between 10% and 20% in SR 1 through SR 5
and is less than 5% for SR 6 through SR 10.

2 The µ j j invariant mass was considered as a discriminating variable instead of one of the three selection variables. Several
methods for selecting the correct µ j j combination and the possibility of using both µ j j combinations were considered. No
method that improved the sensitivity was found.
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mµ∗ Signal mµµ S T mµµ j j Acc × Exp Exp Exp Obs
[GeV] Region [GeV] [GeV] [GeV] Eff Signal BG BG Events

(prefit) (postfit)
100 1 500 450 0 0.041 3.0±0.3 73±17 71.7±8.6 71
300 2 550 900 1000 0.088 12.5±0.9 10.1±3.5 7.8±2.2 6
500 2 550 900 1000 0.15 29.4±1.6 10.1±3.5 7.8±2.2 6
750 3 450 900 1300 0.23 43.7±2.2 6.6±2.5 5.8±1.9 5

1000 4 450 1050 1300 0.31 44.1±1.8 4.6±1.8 4.6±1.9 5
1250 5 450 1200 1500 0.38 29.8±1.3 2.1 ±0.9 2.1±1.0 3
1500 6 400 1200 1700 0.38 19.8±0.8 1.5±0.7 1.3±0.6 1
1750 7 300 1350 1900 0.41 11.8±0.5 0.9±0.7 0.9±0.5 2
2000 8 300 1350 2000 0.40 6.6±0.2 0.7±0.4 0.7±0.4 2
2250 9 300 1500 2100 0.37 3.4±0.1 0.4±0.3 0.4±0.3 2
2500 10 110 1650 2300 0.39 1.65±0.07 0.2+1.3

−0.2 0.2+1.0
−0.2 2

2750 10 110 1650 2300 0.45 0.72±0.02 0.2+1.3
−0.2 0.2+1.0

−0.2 2
2900 10 110 1650 2300 0.45 0.52±0.02 0.2+1.3

−0.2 0.2+1.0
−0.2 2

3000 10 110 1650 2300 0.46 0.38±0.02 0.2+1.3
−0.2 0.2+1.0

−0.2 2
3100 10 110 1650 2300 0.45 0.30±0.02 0.2+1.3

−0.2 0.2+1.0
−0.2 2

Table 2: The signal masses considered and the corresponding signal regions are listed. The mµµ, S T, and mµµ j j

values giving the lower bound of each signal region are listed, along with the acceptance times efficiency, the
expected number of signal events (Λ = 5 TeV), expected number of background events before and after the fit
discussed in Section 8, and the number of events observed in the data. The uncertainties in the expected numbers
of signal and background events are the systematic uncertainties. The numbers of events observed are discussed in
Section 8.

7 Systematic uncertainties

Contributions to the systematic uncertainties in the background and signal yield predictions stem from
both experimental and theoretical sources, as discussed below.

The luminosity is derived using the methodology in Ref. [55] and has an uncertainty of 2.8%. The
luminosity uncertainty for the backgrounds is less than this because the largest backgrounds (Z/γ∗+ jets
and tt̄) are normalized using control regions.

Uncertainties in the MC modelling of the detector, particularly for muons and jets in this analysis, must
be taken into account and are derived from detailed studies of data. One-standard-deviation variation of
a given parameter is determined, and then the parameter is varied up and down in the simulation by this
amount to determine the effect on the signal and background yields.

The uncertainty in the jet energy scale is the largest contribution to the systematic uncertainty in the
signal yield and a significant contribution to the uncertainty in the backgrounds. The uncertainty in the
jet energy resolution also makes a contribution. These uncertainties are determined from pT balance
in γ+ jet and Z+ jet events and in events with high-pT jets recoiling against multiple, low-pT jets [52,
56]. The uncertainty in contributions from additional energy deposited in the calorimeters from other pp
interactions in the event is also included. The various effects are investigated separately and combined to
give the values summarized in tables 3 and 4.
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Muon performance is determined in Z → µµ events. The most important parameters for this analysis
are the muon efficiency and the muon spectrometer pT resolution. The inner-detector resolution and the
muon pT scale are found to have negligible effect. The uncertainty in the trigger efficiency is less than
2% for the backgrounds and less than 1% for the signal yield.

The uncertainties in the signal and background yield predictions due to uncertainties in PDFs have two
contributions. The first is from one-standard-deviation variation of the parameters of the relevant PDFs
(Section 3). The second is a comparison with the alternative NNPDF2.1 PDF set [57]. These variations
produce changes in the predicted cross section and in kinematical distributions, which in turn affect the
acceptance times efficiency. For the background, both effects are included in the systematic uncertainty.
For the signal yield, the uncertainty in the acceptance times efficiency is included, but the uncertainty in
the cross section is considered part of the uncertainty in the theoretical prediction and is not included in
the statistical analysis.

The uncertainty in the background modelling in the signal regions is estimated by examining how well
the MC prediction agrees with the data in two validation regions selected to be similar in kinematics to
the signal regions but containing no signal. Both validation regions require the same selection as the
signal regions except that mµµ j j < 500 GeV and mµµ > 200 GeV with no selection on S T. Requiring the
missing transverse energy be greater (less) than 50 GeV (40 GeV) selects a validation region dominated
by tt̄ (Z/γ∗) events. For some of the kinematic variables, an extrapolation of the predicted yield from
the validation regions to the signal regions is necessary to evaluate possible mismodelling effects. Of the
several kinematic variables studied, only the modelling of the S T variable is found to have a significant
effect. A linear fit to the ratio of the number of data events to the MC expectation is extrapolated to
higher values of S T, and the deviation from unity symmetrized about zero gives the uncertainty, referred
to as “Z/γ∗+ jets modelling” and “tt̄ modelling” in table 4. For both validation regions, the linear fit is
consistent within the statistical uncertainties with a flat line at a ratio of one.

To produce sufficient numbers of events for high dimuon masses, the Z/γ∗ MC samples were produced
in bins of dimuon mass above the Z mass. For the S T and mµµ j j criteria in this analysis, this yields
zero events in SR 7 through SR 10 for some ranges of the mµµ distribution (for example, 110 to 400
GeV for SR 10). For these signal regions, an additional systematic uncertainty (referred to as “Z/γ∗+

jets extrapolation” in table 4) is estimated by loosening the S T criteria and extrapolating into the signal
region. The uncertainty introduced by this procedure is small except in SR 10, where the effect on the
statistical analysis is still small because the predicted number of background events is only 0.2.

Additional sources of uncertainty in the acceptance times efficiency are initial-state radiation, final-state
radiation, renormalization and factorization scales, and the beam energy. The effects of initial- and final-
state radiation are determined in generator-level studies by varying the relevant Pythia parameters and
are less than 1%. The effect of the beam energy uncertainty (0.65%) [58] is determined by varying the
momentum fraction of the initial partons in the PDFs by this amount, giving a change of less than 1%.
The renormalization and factorization scales are independently varied in the simulation by factors of 2
and 1/2, changing the expected signal acceptance times efficiency by about 2% at low mass and by less
than 1% for masses above 750 GeV.

The uncertainties in the signal yield depend on the µ∗ mass, and the largest contributions are summarized
in table 3 for three representative masses. For the signal yield, uncertainties in jet energy scale, PDFs, and
luminosity are the dominant sources. The uncertainties in the background depend on the signal region,
and the largest contributions are shown in table 4 for three representative regions. The most significant
contributions to the background uncertainty are from the modelling of the Z/γ∗+ jets and tt̄ processes.
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mµ∗ [GeV] 500 1500 2500
Luminosity 2.8 2.8 2.8
Jet energy scale 2.7 1.5 1.1
Hadronization and factorization scales 2.0 0.5 0.1
PDFs 3.0 2.5 2.7
Muon efficiency 0.7 0.8 0.9
Jet energy resolution 0.9 0.2 0.5
Muon spectrometer resolution 0.3 <0.1 0.2
Total 5.1 4.1 4.2

Table 3: Largest contributions to the relative systematic uncertainty in the signal yield. The uncertainties for the
hadronization and factorization scales and for the PDFs are only for the signal acceptance times efficiency. All
uncertainties are given in percent and are determined after the fit discussed in Section 8.

Signal region 2 6 10
Z/γ∗+ jets modelling 25 47 65
Jet energy scale 19 9.0 6.2
tt̄ modelling 12 <0.1 <0.1
Muon spectrometer resolution 6.2 0.6 63
PDFs 4.2 8.8 17
Jet energy resolution 3.2 1.7 0.6
Muon efficiency 0.7 0.8 0.9
Luminosity 0.4 0.1 <0.1
Z/γ∗+ jets extrapolation – – 500
Total 35 49 500

Table 4: Largest contributions to the relative systematic uncertainty in the expected background for three represent-
ative signal regions. All uncertainties are given in percent and are determined after the fit discussed in Section 8.

The jet energy scale and the parton distribution functions also make significant contributions. Any source
of systematic uncertainty contributing less than 2% to the background for all signal regions and less than
1% to the signal yield for all µ∗ masses would have negligible effect in the statistical analysis in Section 8
and is not included.

8 Results

For each µ∗ mass considered, the numbers of events in the corresponding signal region and in the two
control regions are simultaneously fit [59] using a profile likelihood method [60, 61]. The likelihood
function models the number of events as a Poisson distribution and the systematic effects are modelled
using nuisance parameters with lognormal constraints. The parameters of interest in the fit are the signal
yield in the corresponding signal region and the normalizations of the Z/γ∗ and tt̄ backgrounds, with
the latter two being primarily determined in the fit by the events in the control regions. The possible
contribution of signal to the control regions is included in the fit and found to be negligible. Correlations
of the systematic uncertainties are taken into account.
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mµµ mµµ j j S T mµ1 j j mµ2 j j pµ1
T pµ2

T p j1
T p j2

T
Event SR [GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]

A all 1800 2410 1820 1200 1090 650 630 350 190
B 7–9 310 2250 2010 2200 630 840 46 990 130
C 10 113 2440 1760 2230 1850 150 35 890 690

Table 5: Values of µµ mass, µµ j j mass, S T, µ j j mass for each µ j j combination, and pT of each muon and jet for
the three events in SR 9 or 10.

As an example of the result of the fit, the mµµ j j distribution for signal region 2 is shown in figure 2(b)
for the data, expected backgrounds, and three signal predictions for Λ = 5 TeV (the signal regions for the
higher masses have fewer background events). The expected and observed numbers of events for each
signal mass considered are shown in table 2 for Λ = 5 TeV. Due to correlations among the nuisance para-
meters, the uncertainties on the expected backgrounds are reduced after the fits. The data are consistent
with the Standard Model expectations, and no significant excess is observed. Thus, limits on the cross
section times branching ratio as a function of the µ∗ mass are calculated.

A modified frequentist CLs method [62, 63] is used to derive the 95% CL upper limits on the signal
yield. The expected limit is the median limit for a large number of background-only pseudo-experiments.
The one- and two-standard-deviations bands cover 68% and 95%, respectively, of the pseudo-experiment
limits. The observed limit is the 95% CL limit for the observed number of events. The p-value is a
measure of how well the background-only hypothesis models the data. For a signal region, it is the
fraction of background-only pseudo-experiments where the fitted signal value is greater than that for the
observed data.

The smallest p-values are for SR 9 and 10 with values of 0.034 and 0.099, respectively, corresponding
to 1.8 and 1.3 standard deviations on one side of a Gaussian distribution. Some kinematic properties of
the events in these signal regions are given in table 5. There is one event (event A) that is in all signal
regions.

An upper limit on the cross section times branching ratio σ(pp → µµ∗) × B(µ∗ → µqq̄) (figure 3)
is determined for each signal mass from the limit on the signal yield at the 95% CL. The theoretical
uncertainties are not included in either the σB or Λ limit determinations. For mµ∗ above 1.3 TeV, the limit
is between 0.6 and 1 fb. The theoretical expectation for Λ = mµ∗ is also shown. The theoretical band
represents uncertainties from PDFs and from renormalization and factorization scales.

The expected cross section and branching ratio depend on the µ∗ mass and on Λ [7]. For each signal mass,
the limit on σB is translated into a lower bound on the compositeness scale (figure 4). The bound is the
value of Λ for which the theoretical prediction of σB(mµ∗ ,Λ) is equal to the upper limit on σB. The
region with mµ∗ > Λ is unphysical. For the limiting case where Λ = mµ∗ , excited-muon masses below
2.8 TeV are excluded. Previous limits set by ATLAS [17, 21] are also shown. The analysis presented here
improves upon the limits from µ∗ → µγ for masses above 1100 GeV and upon those from µ∗ → µ`` for
masses from 700 to 2100 GeV.
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mass. The theory curve only includes contact-interaction decays and does not include the top quark. The solid line
is the limit and the dotted line is the expected limit. The theoretical σB for the limiting case Λ = mµ∗ along with its
uncertainties is also shown (dot-dashed curve).
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9 Conclusion

The results of a search for excited muons decaying to µ j j via a contact interaction are reported based on
data from

√
s = 8 TeV pp collisions collected with the ATLAS detector at the LHC corresponding to an

integrated luminosity of 20.3 fb−1. The observed data are consistent with SM expectations. An upper
limit is set at 95% CL on the cross section times branching ratio σB(µ∗ → µqq̄) as a function of the
excited-muon mass. For mµ∗ between 1.3 and 3.0 TeV, the limit on σB is between 0.6 and 1 fb.

The σB upper limits are converted to lower bounds on the compositeness scale Λ. In the limiting case
where Λ = mµ∗ , excited-muon masses below 2.8 TeV are excluded. At higher µ∗ masses, the signature
explored in this paper, µ∗ → µ j j, has better sensitivity than the traditional signature µ∗ → µ γ. For
µ∗ masses above 0.8 TeV, the sensitivity is up to 15% better than a previous search using the signature
µ∗ → µ``. In models other than the benchmark model used here, the branching ratios to these modes
could be different, affecting their relative importance for limits on the compositeness scale.
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E. Ritsch30, I. Riu12, F. Rizatdinova113, E. Rizvi76, S.H. Robertson87,l, A. Robichaud-Veronneau87,
D. Robinson28, J.E.M. Robinson42, A. Robson53, C. Roda123a,123b, Y. Rodina85, A. Rodriguez Perez12,
S. Roe30, C.S. Rogan57, O. Røhne118, A. Romaniouk97, M. Romano20a,20b, S.M. Romano Saez34,
E. Romero Adam166, N. Rompotis137, M. Ronzani48, L. Roos80, E. Ros166, S. Rosati131a, K. Rosbach48,
P. Rose136, O. Rosenthal140, V. Rossetti145a,145b, E. Rossi103a,103b, L.P. Rossi50a, J.H.N. Rosten28,
R. Rosten137, M. Rotaru26b, I. Roth171, J. Rothberg137, D. Rousseau116, C.R. Royon135, A. Rozanov85,
Y. Rozen151, X. Ruan144c, F. Rubbo142, I. Rubinskiy42, V.I. Rud98, M.S. Rudolph157, F. Rühr48,
A. Ruiz-Martinez30, Z. Rurikova48, N.A. Rusakovich65, A. Ruschke99, H.L. Russell137,
J.P. Rutherfoord7, N. Ruthmann30, Y.F. Ryabov122, M. Rybar164, G. Rybkin116, N.C. Ryder119,
A. Ryzhov129, A.F. Saavedra149, G. Sabato106, S. Sacerdoti27, H.F-W. Sadrozinski136, R. Sadykov65,
F. Safai Tehrani131a, P. Saha107, M. Sahinsoy58a, M. Saimpert135, T. Saito154, H. Sakamoto154,
Y. Sakurai170, G. Salamanna133a,133b, A. Salamon132a, J.E. Salazar Loyola32b, D. Salek106,
P.H. Sales De Bruin137, D. Salihagic100, A. Salnikov142, J. Salt166, D. Salvatore37a,37b, F. Salvatore148,
A. Salvucci60a, A. Salzburger30, D. Sammel48, D. Sampsonidis153, A. Sanchez103a,103b, J. Sánchez166,
V. Sanchez Martinez166, H. Sandaker118, R.L. Sandbach76, H.G. Sander83, M.P. Sanders99,
M. Sandhoff174, C. Sandoval161, R. Sandstroem100, D.P.C. Sankey130, M. Sannino50a,50b, A. Sansoni47,
C. Santoni34, R. Santonico132a,132b, H. Santos125a, I. Santoyo Castillo148, K. Sapp124, A. Sapronov65,
J.G. Saraiva125a,125d, B. Sarrazin21, O. Sasaki66, Y. Sasaki154, K. Sato159, G. Sauvage5,∗, E. Sauvan5,
G. Savage77, P. Savard157,d, C. Sawyer130, L. Sawyer79,p, J. Saxon31, C. Sbarra20a, A. Sbrizzi20a,20b,
T. Scanlon78, D.A. Scannicchio162, M. Scarcella149, V. Scarfone37a,37b, J. Schaarschmidt171,
P. Schacht100, D. Schaefer30, R. Schaefer42, J. Schaeffer83, S. Schaepe21, S. Schaetzel58b, U. Schäfer83,
A.C. Schaffer116, D. Schaile99, R.D. Schamberger147, V. Scharf58a, V.A. Schegelsky122, D. Scheirich128,
M. Schernau162, C. Schiavi50a,50b, C. Schillo48, M. Schioppa37a,37b, S. Schlenker30, K. Schmieden30,
C. Schmitt83, S. Schmitt58b, S. Schmitt42, S. Schmitz83, B. Schneider158a, Y.J. Schnellbach74,
U. Schnoor48, L. Schoeffel135, A. Schoening58b, B.D. Schoenrock90, E. Schopf21,
A.L.S. Schorlemmer54, M. Schott83, D. Schouten158a, J. Schovancova8, S. Schramm49, M. Schreyer173,
N. Schuh83, M.J. Schultens21, H.-C. Schultz-Coulon58a, H. Schulz16, M. Schumacher48,
B.A. Schumm136, Ph. Schune135, C. Schwanenberger84, A. Schwartzman142, T.A. Schwarz89,
Ph. Schwegler100, H. Schweiger84, Ph. Schwemling135, R. Schwienhorst90, J. Schwindling135,
T. Schwindt21, G. Sciolla23, F. Scuri123a,123b, F. Scutti88, J. Searcy89, P. Seema21, S.C. Seidel104,
A. Seiden136, F. Seifert127, J.M. Seixas24a, G. Sekhniaidze103a, K. Sekhon89, S.J. Sekula40,
D.M. Seliverstov122,∗, N. Semprini-Cesari20a,20b, C. Serfon30, L. Serin116, L. Serkin163a,163b,
M. Sessa133a,133b, R. Seuster158a, H. Severini112, T. Sfiligoj75, F. Sforza30, A. Sfyrla49, E. Shabalina54,
N.W. Shaikh145a,145b, L.Y. Shan33a, R. Shang164, J.T. Shank22, M. Shapiro15, P.B. Shatalov96,
K. Shaw163a,163b, S.M. Shaw84, A. Shcherbakova145a,145b, C.Y. Shehu148, P. Sherwood78, L. Shi150,ah,
S. Shimizu67, C.O. Shimmin162, M. Shimojima101, M. Shiyakova65, A. Shmeleva95, D. Shoaleh Saadi94,
M.J. Shochet31, S. Shojaii91a,91b, S. Shrestha110, E. Shulga97, M.A. Shupe7, P. Sicho126, P.E. Sidebo146,
O. Sidiropoulou173, D. Sidorov113, A. Sidoti20a,20b, F. Siegert44, Dj. Sijacki13, J. Silva125a,125d,
S.B. Silverstein145a, V. Simak127, O. Simard5, Lj. Simic13, S. Simion116, E. Simioni83, B. Simmons78,
D. Simon34, M. Simon83, P. Sinervo157, N.B. Sinev115, M. Sioli20a,20b, G. Siragusa173,
S.Yu. Sivoklokov98, J. Sjölin145a,145b, T.B. Sjursen14, M.B. Skinner72, H.P. Skottowe57, P. Skubic112,
M. Slater18, T. Slavicek127, M. Slawinska106, K. Sliwa160, V. Smakhtin171, B.H. Smart46, L. Smestad14,

24



S.Yu. Smirnov97, Y. Smirnov97, L.N. Smirnova98,ai, O. Smirnova81, M.N.K. Smith35, R.W. Smith35,
M. Smizanska72, K. Smolek127, A.A. Snesarev95, G. Snidero76, S. Snyder25, R. Sobie168,l, F. Socher44,
A. Soffer152, D.A. Soh150,ah, G. Sokhrannyi75, C.A. Solans Sanchez30, M. Solar127, E.Yu. Soldatov97,
U. Soldevila166, A.A. Solodkov129, A. Soloshenko65, O.V. Solovyanov129, V. Solovyev122, P. Sommer48,
H.Y. Song33b,aa, N. Soni1, A. Sood15, A. Sopczak127, V. Sopko127, V. Sorin12, D. Sosa58b,
C.L. Sotiropoulou123a,123b, R. Soualah163a,163c, A.M. Soukharev108,c, D. South42, B.C. Sowden77,
S. Spagnolo73a,73b, M. Spalla123a,123b, M. Spangenberg169, F. Spanò77, D. Sperlich16, F. Spettel100,
R. Spighi20a, G. Spigo30, L.A. Spiller88, M. Spousta128, R.D. St. Denis53,∗, A. Stabile91a, S. Staerz30,
J. Stahlman121, R. Stamen58a, S. Stamm16, E. Stanecka39, R.W. Stanek6, C. Stanescu133a,
M. Stanescu-Bellu42, M.M. Stanitzki42, S. Stapnes118, E.A. Starchenko129, G.H. Stark31, J. Stark55,
P. Staroba126, P. Starovoitov58a, R. Staszewski39, P. Steinberg25, B. Stelzer141, H.J. Stelzer30,
O. Stelzer-Chilton158a, H. Stenzel52, G.A. Stewart53, J.A. Stillings21, M.C. Stockton87, M. Stoebe87,
G. Stoicea26b, P. Stolte54, S. Stonjek100, A.R. Stradling8, A. Straessner44, M.E. Stramaglia17,
J. Strandberg146, S. Strandberg145a,145b, A. Strandlie118, M. Strauss112, P. Strizenec143b, R. Ströhmer173,
D.M. Strom115, R. Stroynowski40, A. Strubig105, S.A. Stucci17, B. Stugu14, N.A. Styles42, D. Su142,
J. Su124, R. Subramaniam79, S. Suchek58a, Y. Sugaya117, M. Suk127, V.V. Sulin95, S. Sultansoy4c,
T. Sumida68, S. Sun57, X. Sun33a, J.E. Sundermann48, K. Suruliz148, G. Susinno37a,37b, M.R. Sutton148,
S. Suzuki66, M. Svatos126, M. Swiatlowski31, I. Sykora143a, T. Sykora128, D. Ta48, C. Taccini133a,133b,
K. Tackmann42, J. Taenzer157, A. Taffard162, R. Tafirout158a, N. Taiblum152, H. Takai25, R. Takashima69,
H. Takeda67, T. Takeshita139, Y. Takubo66, M. Talby85, A.A. Talyshev108,c, J.Y.C. Tam173, K.G. Tan88,
J. Tanaka154, R. Tanaka116, S. Tanaka66, B.B. Tannenwald110, S. Tapia Araya32b, S. Tapprogge83,
S. Tarem151, G.F. Tartarelli91a, P. Tas128, M. Tasevsky126, T. Tashiro68, E. Tassi37a,37b,
A. Tavares Delgado125a,125b, Y. Tayalati134d, A.C. Taylor104, G.N. Taylor88, P.T.E. Taylor88,
W. Taylor158b, F.A. Teischinger30, P. Teixeira-Dias77, K.K. Temming48, D. Temple141, H. Ten Kate30,
P.K. Teng150, J.J. Teoh117, F. Tepel174, S. Terada66, K. Terashi154, J. Terron82, S. Terzo100, M. Testa47,
R.J. Teuscher157,l, T. Theveneaux-Pelzer85, J.P. Thomas18, J. Thomas-Wilsker77, E.N. Thompson35,
P.D. Thompson18, R.J. Thompson84, A.S. Thompson53, L.A. Thomsen175, E. Thomson121,
M. Thomson28, M.J. Tibbetts15, R.E. Ticse Torres85, V.O. Tikhomirov95,a j, Yu.A. Tikhonov108,c,
S. Timoshenko97, E. Tiouchichine85, P. Tipton175, S. Tisserant85, K. Todome156, T. Todorov5,∗,
S. Todorova-Nova128, J. Tojo70, S. Tokár143a, K. Tokushuku66, E. Tolley57, L. Tomlinson84,
M. Tomoto102, L. Tompkins142,ak, K. Toms104, B. Tong57, E. Torrence115, H. Torres141,
E. Torró Pastor137, J. Toth85,al, F. Touchard85, D.R. Tovey138, T. Trefzger173, L. Tremblet30, A. Tricoli30,
I.M. Trigger158a, S. Trincaz-Duvoid80, M.F. Tripiana12, W. Trischuk157, B. Trocmé55, A. Trofymov42,
C. Troncon91a, M. Trottier-McDonald15, M. Trovatelli168, L. Truong163a,163c, M. Trzebinski39,
A. Trzupek39, J.C-L. Tseng119, P.V. Tsiareshka92, G. Tsipolitis10, N. Tsirintanis9, S. Tsiskaridze12,
V. Tsiskaridze48, E.G. Tskhadadze51a, K.M. Tsui60a, I.I. Tsukerman96, V. Tsulaia15, S. Tsuno66,
D. Tsybychev147, A. Tudorache26b, V. Tudorache26b, A.N. Tuna57, S.A. Tupputi20a,20b,
S. Turchikhin98,ai, D. Turecek127, D. Turgeman171, R. Turra91a,91b, A.J. Turvey40, P.M. Tuts35,
M. Tylmad145a,145b, M. Tyndel130, I. Ueda154, R. Ueno29, M. Ughetto145a,145b, F. Ukegawa159, G. Unal30,
A. Undrus25, G. Unel162, F.C. Ungaro88, Y. Unno66, C. Unverdorben99, J. Urban143b, P. Urquijo88,
P. Urrejola83, G. Usai8, A. Usanova62, L. Vacavant85, V. Vacek127, B. Vachon87, C. Valderanis83,
N. Valencic106, S. Valentinetti20a,20b, A. Valero166, L. Valery12, S. Valkar128, S. Vallecorsa49,
J.A. Valls Ferrer166, W. Van Den Wollenberg106, P.C. Van Der Deijl106, R. van der Geer106,
H. van der Graaf106, N. van Eldik151, P. van Gemmeren6, J. Van Nieuwkoop141, I. van Vulpen106,
M.C. van Woerden30, M. Vanadia131a,131b, W. Vandelli30, R. Vanguri121, A. Vaniachine6,
G. Vardanyan176, R. Vari131a, E.W. Varnes7, T. Varol40, D. Varouchas80, A. Vartapetian8, K.E. Varvell149,
F. Vazeille34, T. Vazquez Schroeder87, J. Veatch7, L.M. Veloce157, F. Veloso125a,125c, S. Veneziano131a,

25



A. Ventura73a,73b, M. Venturi168, N. Venturi157, A. Venturini23, V. Vercesi120a, M. Verducci131a,131b,
W. Verkerke106, J.C. Vermeulen106, A. Vest44,am, M.C. Vetterli141,d, O. Viazlo81, I. Vichou164,
T. Vickey138, O.E. Vickey Boeriu138, G.H.A. Viehhauser119, S. Viel15, R. Vigne62, M. Villa20a,20b,
M. Villaplana Perez91a,91b, E. Vilucchi47, M.G. Vincter29, V.B. Vinogradov65, I. Vivarelli148,
S. Vlachos10, M. Vlasak127, M. Vogel32a, P. Vokac127, G. Volpi123a,123b, M. Volpi88,
H. von der Schmitt100, E. von Toerne21, V. Vorobel128, K. Vorobev97, M. Vos166, R. Voss30,
J.H. Vossebeld74, N. Vranjes13, M. Vranjes Milosavljevic13, V. Vrba126, M. Vreeswijk106,
R. Vuillermet30, I. Vukotic31, Z. Vykydal127, P. Wagner21, W. Wagner174, H. Wahlberg71,
S. Wahrmund44, J. Wakabayashi102, J. Walder72, R. Walker99, W. Walkowiak140, V. Wallangen145a,145b,
C. Wang150, C. Wang33d,85, F. Wang172, H. Wang15, H. Wang40, J. Wang42, J. Wang149, K. Wang87,
R. Wang6, S.M. Wang150, T. Wang21, T. Wang35, X. Wang175, C. Wanotayaroj115, A. Warburton87,
C.P. Ward28, D.R. Wardrope78, A. Washbrook46, P.M. Watkins18, A.T. Watson18, I.J. Watson149,
M.F. Watson18, G. Watts137, S. Watts84, B.M. Waugh78, S. Webb84, M.S. Weber17, S.W. Weber173,
J.S. Webster6, A.R. Weidberg119, B. Weinert61, J. Weingarten54, C. Weiser48, H. Weits106, P.S. Wells30,
T. Wenaus25, T. Wengler30, S. Wenig30, N. Wermes21, M. Werner48, P. Werner30, M. Wessels58a,
J. Wetter160, K. Whalen115, A.M. Wharton72, A. White8, M.J. White1, R. White32b, S. White123a,123b,
D. Whiteson162, F.J. Wickens130, W. Wiedenmann172, M. Wielers130, P. Wienemann21,
C. Wiglesworth36, L.A.M. Wiik-Fuchs21, A. Wildauer100, H.G. Wilkens30, H.H. Williams121,
S. Williams106, C. Willis90, S. Willocq86, J.A. Wilson18, I. Wingerter-Seez5, F. Winklmeier115,
B.T. Winter21, M. Wittgen142, J. Wittkowski99, S.J. Wollstadt83, M.W. Wolter39, H. Wolters125a,125c,
B.K. Wosiek39, J. Wotschack30, M.J. Woudstra84, K.W. Wozniak39, M. Wu55, M. Wu31, S.L. Wu172,
X. Wu49, Y. Wu89, T.R. Wyatt84, B.M. Wynne46, S. Xella36, D. Xu33a, L. Xu25, B. Yabsley149,
S. Yacoob144a, R. Yakabe67, D. Yamaguchi156, Y. Yamaguchi117, A. Yamamoto66, S. Yamamoto154,
T. Yamanaka154, K. Yamauchi102, Y. Yamazaki67, Z. Yan22, H. Yang33e, H. Yang172, Y. Yang150,
Z. Yang14, W-M. Yao15, Y.C. Yap80, Y. Yasu66, E. Yatsenko5, K.H. Yau Wong21, J. Ye40, S. Ye25,
I. Yeletskikh65, A.L. Yen57, E. Yildirim42, K. Yorita170, R. Yoshida6, K. Yoshihara121, C. Young142,
C.J.S. Young30, S. Youssef22, D.R. Yu15, J. Yu8, J.M. Yu89, J. Yu64, L. Yuan67, S.P.Y. Yuen21,
I. Yusuff28,an, B. Zabinski39, R. Zaidan33d, A.M. Zaitsev129,ad, N. Zakharchuk42, J. Zalieckas14,
A. Zaman147, S. Zambito57, L. Zanello131a,131b, D. Zanzi88, C. Zeitnitz174, M. Zeman127, A. Zemla38a,
J.C. Zeng164, Q. Zeng142, K. Zengel23, O. Zenin129, T. Ženiš143a, D. Zerwas116, D. Zhang89, F. Zhang172,
G. Zhang33b,aa, H. Zhang33c, J. Zhang6, L. Zhang48, R. Zhang21, R. Zhang33b,ao, X. Zhang33d,
Z. Zhang116, X. Zhao40, Y. Zhao33d,116, Z. Zhao33b, A. Zhemchugov65, J. Zhong119, B. Zhou89,
C. Zhou45, L. Zhou35, L. Zhou40, M. Zhou147, N. Zhou33f, C.G. Zhu33d, H. Zhu33a, J. Zhu89, Y. Zhu33b,
X. Zhuang33a, K. Zhukov95, A. Zibell173, D. Zieminska61, N.I. Zimine65, C. Zimmermann83,
S. Zimmermann48, Z. Zinonos54, M. Zinser83, M. Ziolkowski140, L. Živković13, G. Zobernig172,
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