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PAPER

A search for an excitedmuon decaying to amuon and two jets in pp
collisions at

ffiffiffi

s
p ¼ 8 TeV with the ATLAS detector

TheATLASCollaboration

E-mail: atlas.publications@cern.ch

Keywords: excited leptons, lepton compositeness, leptoquarks

Abstract
Anew search signature for excited leptons is explored. Excitedmuons are sought in the channel

*mm mm pp 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
takenwith theATLAS detector at the large hadron collider. No evidence of excitedmuons is found,
and limits are set at the 95%confidence level on the cross section times branching ratio as a function of
the excited-muonmass *mm . For *mm between 1.3 and 3.0 TeV, the upper limit on ( ¯*s m mB qq) is
between 0.6 and 1 fb. Limits on sB are converted to lower bounds on the compositeness scaleΛ. In the
limiting case *L = mm , excitedmuonswith amass below 2.8 TeV are excluded.With the samemodel

assumptions, these limits at larger *m masses improve upon previous limits from traditional searches
based on the gauge-mediated decay *m mg .
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1. Introduction

The standardmodel (SM) of particle physics successfully describes awide range of phenomena but does not
explain the generational structure andmass hierarchy of quarks and leptons. Compositemodels of fermions
[1–7] aim to reduce the number ofmatter constituents by postulating that SM fermions are bound states ofmore
fundamental particles. A direct consequence of substructure would be the existence of excited fermion states.

This paper reports on a search for an excitedmuon *m using 20.3 fb−1 of pp collision data at a centre-of-mass
energy of s =8 TeV recorded in 2012with the ATLAS detector at the large hadron collider (LHC). The search
is based on a benchmarkmodel [7] that describes excited-fermion interactionswith an effective Lagrangian
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containing four-fermion contact interactions and gauge-mediated interactions. A contact interaction decay
signature not previously employed in excited leptons searches, *m m j j ( j represents a jet), is used.

In this paper, as in [7], themodel is assumed to be valid for *m masses up to the compositeness scale. The
contact interaction terms are described by the Lagrangian

* * * * h g h g h g=
L

= + ¢ +  +m
m m m m m

g
j j j f f f f f f

2
, with h.c.,contact

2

2 L L L L L L

whereΛ is the compositeness scale; mj is the fermion current for ground states ( f ) and excited states ( f*); g* and
the ηʼs are constants; ‘h.c.’ stands forHermitian conjugate; and only left-handed fermion interactions are
assumed. As is done in [7],

*
g 2 is set to 4π, and η, h¢, and h are taken to be one for all fermions. To calculate

branching ratios, the compositeness scaleΛ is assumed to be the same for gauge-mediated interactions, and the
parameters f and ¢f in [7] are taken to be one.

The search described here focuses on the predominant single- *m production via the contact interaction
( *m mqq ) followed by the decay of the excitedmuon via the contact interaction to mqq , leading to afinal state
with twomuons and two jets (figure 1). Top quarks from excitedmuonswithmasses accessible in the 8 TeV
LHCdatawould not have sufficient energy to formnarrow 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 *m mg . The analysis reported in [20] also includes the gauge-mediated decay *m m Z followed by

ℓℓZ or ¯qq . In themodel of [7], this decay is dominant at low *m mass, but for *  Lmm 0.25 , the ¯mqq decay
mode is expected to have the largest branching ratio, rising to 65% for * = Lmm . The search reported here
complements the search in the mg channel and increases the sensitivity of the search for excitedmuons at higher
masses. TheATLASCollaboration recently published [21] another new search signature for excitedmuons
decaying via a contact interaction to ℓℓm , whereℓ is an electron or amuon.

2. ATLAS detector

TheATLAS experiment [22] uses amulti-purpose particle detector with a forward–backward symmetric
cylindrical geometry and a near p4 coverage in solid angle271. It consists of an inner tracking detector
surrounded by a thin superconducting solenoid providing a 2 T axialmagnetic field, electromagnetic and
hadron calorimeters, and amuon spectrometer. The inner tracking detector covers the pseudorapidity range
∣ ∣h < 2.5. It consists of silicon pixel, siliconmicrostrip, and transition radiation tracking detectors. Lead/liquid-
argon (LAr) sampling calorimeters provide electromagnetic (EM) energymeasurements with high granularity. A
hadronic steel/scintillator-tile calorimeter covers the central pseudorapidity range (∣ ∣h < 1.7). The endcap and
forward regions are instrumentedwith LAr calorimeters for EMand hadronic energymeasurements up to
∣ ∣h = 4.9. Themuon spectrometer surrounding the calorimeters covers the pseudorapidty range ∣ ∣h < 2.7 and
is based on three large air-core toroid superconductingmagnets with eight coils each. Their bending power is in
the range from2.0 to 7.5 Tm. Themuon spectrometer consists of three stations of precision tracking chambers
and fast detectors for triggering. Themajority 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 ∣ ∣h< <2.7. A
three-level trigger system is used to select events. Thefirst-level trigger is implemented in hardware and uses a
subset of the detector information to reduce the accepted rate to atmost 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.

Figure 1. Feynman diagram for the process *m m mm qq qq , where both the production and decay are via contact interactions.

271
ATLAS uses a right-handed coordinate systemwith its origin at the nominal interaction point (IP) in the centre of the detector and the z-

axis along the beampipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates
( )fr, are used in the transverse plane,f being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as ( )h q= -ln tan 2 . Angular distance ismeasured in terms of ( ) ( )h fD º D + DR 2 2 .
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3. Signal and background simulation

Simulation of the excited-muon signal is based on calculations from [7]. Signal samples are generated at leading
order (LO)withCompHEP 4.5.1 [23] usingMSTW2008lo [24] parton distribution functions (PDFs).
CompHEP is interfacedwith PYTHIA 8.170 [25, 26]with the AU2parameters settings [27] for the simulation of
parton showers and hadronisation. Only the production of *mm followed by the decay ¯*m m qq is simulated.
Signal samples are produced forΛ=5 TeV and for the *m masses given in table 2. The distributions of
kinematic variables should be independent ofΛ, whichwas checkedwith generator-level studies. For a
compositeness scale ofΛ=5 TeV, cross section times branching ratios are 10.4, 2.9, and 0.21 fb for *m masses
of 500, 1500, and 2500 GeV, respectively. The intrinsic total width of the *m is expected to be less than 8% for
* < Lmm , which is smaller than themass resolution of about 20%over the range of *m masses considered here.
The dominant background is from the process *g mmZ produced in associationwith jets ( *g +Z jets).

The secondmost important background is ¯tt production. Other processes, such as diboson (WW ,WZ , and
ZZ ), single-top, +W jets, andmulti-jet production, give small contributions to the background.

The *g +Z jets samples are produced by themulti-leg LO generator SHERPA 1.4.1 [28]using CT10 [29]
PDFs. The cross section for *g mmZ ( >mmm 70 GeV) plus any number of jets is 1.24nb, calculated at next-
to-leading order (NLO), corrected by aK-factor [30, 31] to next-to-next-to-leading order (NNLO) inQCD
couplings andNLO in electroweak couplings. The ¯tt events are generated at the parton level atNLOwith
POWHEG 1.0 [32] and the Perugia 2011c parameter settings [33], and the parton showering is donewith
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 atNNLO+ next-to-next-to-leading-log (NNLL) accuracy [35]. The diboson
background samples are produced at LObyHERWIG 6.52 [36]with the AUET2 parameter settings [37] using
CTEQ6L1PDFs, and it is required that at least one light lepton (e orμ)with transversemomentum (pT) above
10 GeVbe produced. The +W jets samples are produced by themulti-leg LO generator ALPGEN 2.14 [38]with
JIMMY 4.31 [39] andHERWIG 6.52 using the AUET2 parameter settings withCTEQ6L1 PDFs, and the cross
section is calculated atNNLO [30, 31]. Themulti-jet samples are generated at LOby PYTHIA 8.160 using the AU2
parameter settingswith CT10 PDFs. The single-top t-channel samples are generated at LO corrected toNLO
+NNLLbyAcerMC3.8 [40]using the AUET2Bparameters settings [41]with theCTEQ6L1PDFs, and the
parton showering is donewith PYTHIA 6.426. The single-top s- andWt-channel samples are generated atNLO
withMC@NLO4.01 [42–44] using theAUET2 parameters settings withCT10 PDFs. The background
predictions from the *g +Z jets and ¯tt samples are normalised using control regions discussed in section 5.
Cross sections for diboson processes are evaluated atNLO [45]with an uncertainty of 5%. The +W jets and
multi-jet backgrounds are determined from theMonte Carlo (MC) samples but are verified using data-driven
methods. A summary of the SM samples used in this analysis is given in table 1.

The generated samples are processed using a detailed detector simulation [46] based onGEANT 4 [47] to
propagate the particles through the detectormaterial and account for the detector response. Simulated
minimum-bias events are overlaid on both the signal and background samples to reproduce the effect 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 processedwith the
same reconstruction programs as used for the data.

Table 1. Summary of the background and signalMC sample generation used in this search. The
columns give the process generated, the generator program, the parton shower program, and the
PDFutilised.

Process Generator Parton showering/ PDF

hadronisation

Z/ *g ( mm )+ jets SHERPA 1.4.1 SHERPA 1.4.1 CT10

¯tt ( ℓ1 ) POWHEG 1.0 PYTHIA 6.426 CT10

WW , WZ , ZZ ( ℓ1 ) HERWIG 6.52 HERWIG 6.52 CTEQ6L1

Single top, t-channel AcerMC3.8 PYTHIA 6.426 CTEQ6L1

Single top, s-channel MC@NLO4.01 JIMMY 4.31+HERWIG 6.52 CT10

Single top, Wt -channel MC@NLO4.01 JIMMY 4.31+HERWIG 6.52 CT10

W ( mn )+ jets ALPGEN 2.14 JIMMY 4.31+HERWIG 6.52 CTEQ6L1

Multi-jet PYTHIA 8.160 PYTHIA 8.160 CT10

Signal ( *mm mm jj) CompHEP4.5.1 PYTHIA 8.170 MSTW2008lo
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4.Data set and event selection

The datawere collected in 2012 during stable-beamperiods of s =8 TeV pp collisions. After selecting events
where the relevant parts of the detector were functioning properly, the data correspond to an integrated
luminosity of 20.3 fb−1. The events are required to pass at least one of two single-muon triggers. Thefirst has a
nominal pT threshold of 36 GeV, and the second has a lower nominal threshold of 24 GeVbut also has an
isolation requirement that the sumof the pT of tracks with pT above 1 GeV andwithin a distance ofD =R 0.2
of themuon, excluding themuon from the sum, divided by the pT of themuon is less than 0.12.

A primary vertexwith at least three tracks with pT> 0.4 GeVwithin 200mmof the centre of the detector
along the beamdirection is required. If there ismore than one primary vertex in an event, the onewith the
highest sumof pT

2 is selected, where the sum is over all tracks associatedwith the vertex.
Eachmuon candidatemust be reconstructed independently in both the inner detector and themuon

spectrometer. Itsmomentum is determined by a combination of the twomeasurements using their covariance
matrices. Onlymuon candidates with mpT

above 30 GeV are considered.Muonsmust have aminimumnumber
of hits in the inner detector and hits in each of the inner,middle, and outer layers of themuon spectrometer.
These hit requirements, which restrict themuon acceptance to ∣ ∣h < 2.5, guarantee a precisemomentum
measurement. To suppress background from cosmic rays, themuon tracks are required to have transverse and
longitudinal impact parameters ∣ ∣ <d 0.2 mm0 and ∣ ∣ <z 1 mm0 with respect to the selected primary vertex. To
reduce background from semileptonic decays of heavy-flavour hadrons, eachmuon is required to be isolated
such thatå <mp p 0.05T T

, where the sum is over inner-detector tracks with >p 1 GeVT within a distance
D =R 0.3 of the candidatemuon, excluding themuon from the sum. Themuon trigger and reconstruction
efficiencies are evaluated using tag-and-probe techniques with mmZ events [48, 49], and pT- and η-
dependent corrections are applied to simulated events. Events are required to have exactly twomuons of
opposite charge thatmeet 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 associatedwith a charged-particle track in the inner detector. Each electronmust have pT above
30 GeV and have ∣ ∣h < 2.47 but not be in the interval ∣ ∣h< <1.37 1.52 to avoid the transition region between
the barrel and endcap calorimeters. TheATLAS tight electron identification criteria (based on themethodology
described in [50] and updated for 2012 running conditions) for the transverse shower shape, longitudinal
leakage into the hadronic calorimeter, the associationwith 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 ∣ ∣ <d 1mm0 and ∣ ∣ <z 5 mm0 with respect to the selected primary vertex. Finally, the
electronsmust pass the isolation requirement å < +E E0.007 5 GeVe

T T , where the sum is of transverse
energies deposited in cells within a cone ofD =R 0.2 around the electron, excluding those cells associatedwith
the electron, and E e

T is the transverse energy of the electron.
Jets of hadrons are reconstructed using the anti-kt algorithm [51]with a radius parameter ofR=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 andwith residual corrections from in situmeasurements
[52]. Jets are required to have ∣ ∣h < 2.8 and >p 30 GeVT . Jets that overlap (D <R 0.4) any electron ormuon
candidate satisfying the selection criteria described above are removed. The two jets with the highest pT are then
selected.

Themissing transversemomentum vector is the negative of the vector sumof the transversemomenta of
muons, electrons, photons [53], jets, and clusters of calibrated calorimeter cells not associatedwith these objects.
Themissing transverse energy is themagnitude of themissing transversemomentum vector.

5. Background determination

Most of the SMbackground contributions are estimated from theMC samples. The expected yields from the
Z/ *g + jets and ¯tt production processes are normalised to the data using control regions. The Z/ *g + jets
control region is defined by < <mmm70 110 GeV in addition to the selection criteria given in section 4. The ¯tt
control region is defined as events thatmeet the selection requirements given in section 4, except there is exactly
onemuon and one electron of opposite sign, so it should contain no signal events. The normalisation scale
factors are determined from simultaneous fits to data in the control and signal regions (SRs) (see section 8). The
scale factors are primarily determined from the control regions, giving the same values in all cases. From thefits,
the scale factor is -

+1.010 0.066
0.087 for the Z/ *g + jets sample and is 1.050±0.013 for the ¯tt sample. TheMC

predictions agree well with the data in the control regions, as can be seen, for example, infigure 2(a).
A jet can produce a promptmuon candidate either from the semileptonic decay of a heavy quark or from

misidentification of a charged hadron in the jet as amuon. The expected background from jets, primarily from

4
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+W jets andmulti-jet processes, is determined fromMC samples, giving zero expected events. This prediction is
checked by the data-drivenmatrixmethod [54], which uses isolated and non-isolatedmuons and their data-
determined efficiencies andmisidentification rates to determine the number of promptmuons. Thematrix
method predicts−0.07±0.55 events from these backgrounds.

6. Signal regions

SRs are defined by three kinematic variables—the dimuon invariantmass mmm , the invariantmass mmm jj of the
twomuons and two jets ( j), and ST, the scalar sumof transversemomenta of the four signal objects, that
is272, = + + +m mS p p p pj j

T T
1

T
2

T
1

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 tomaximise the search sensitivity for each
signalmass considered by scanning the three-dimensional parameter space for the values thatminimize the
expected 95% confidence level (CL)upper limit on the cross section times branching ratio. The selection criteria
for the SRs are shown in table 2. The mmm jj and ST criteria increase with increasing signalmass, but the mmm
criterion decreases. The latter is because the increase in the other parameters sufficiently reduces the expected
background so that the signal efficiencymay be increased by decreasing the mmm criterion.

The dominant background in all SRs is from the Z/ *g + jets process, which is 50%of the background in SR
1, rising to 90%ormore in SR 5 through SR 10. The ¯tt 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.

7. Systematic uncertainties

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

The luminosity is derived using themethodology in [55] and has an uncertainty of 2.8%. The luminosity
uncertainty for the backgrounds is less than this because the largest backgrounds (Z/ *g + jets and ¯tt ) are
normalised using control regions.

Uncertainties in theMCmodelling of the detector, particularly formuons and jets in this analysis,must be
taken into account and are derived fromdetailed 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.

Figure 2.The mmjj mass distribution for (a) the Z/ *g + jets control regionwith theMCpredictions and (b) for SR 2
( >mmm 550 GeV , >S 900 GeVT , and >mmm 1000jj GeV)with three representative signal distributions for *m masses of 500, 2000,
and 3000 GeV and forΛ=5 TeV. The background expectations are determined after thefit, 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 ttZ processes. SR 2 is not
themost sensitive signal region for the latter two *mm masses. They are shown for comparison.

272
The mjj invariantmass was considered as a discriminating variable instead of one of the three selection variables. Severalmethods for

selecting the correct mjj combination and the possibility of using both mjj combinations were considered. Nomethod that improved the
sensitivity was found.
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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 alsomakes a contribution. These uncertainties are determined from pT balance in g+ jet and +Z jet
events and in events with high- pT jets recoiling againstmultiple, low- pT jets [52, 56]. The uncertainty in
contributions from additional energy deposited in the calorimeters fromother pp interactions in the event is also
included. The various effects are investigated separately and combined to give the values summarised in tables 3
and 4.

Muon performance is determined in mmZ events. Themost important parameters for this analysis are
themuon efficiency and themuon spectrometer pT resolution. The inner-detector resolution and themuon 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. Thefirst is fromone-standard-deviation variation of the parameters of the relevant PDFs
(section 3). The second is a comparisonwith the alternativeNNPDF2.1 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 backgroundmodelling in the SRs is estimated by examining howwell theMC
prediction agrees with the data in two validation regions selected to be similar in kinematics to the SRs but

Table 2.The signalmasses considered and the corresponding signal regions are listed. The mmm , ST, and mmm jj values giving the lower
bound of each signal region are listed, alongwith the acceptance times efficiency, the expected number of signal events (L = 5TeV),
expected number of background events before and after thefit 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.

*mm Signal mmm ST mmm jj 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 0.2

1.3
-
+0.2 0.2

1.0 2

2750 10 110 1650 2300 0.45 0.72±0.02 -
+0.2 0.2

1.3
-
+0.2 0.2

1.0 2

2900 10 110 1650 2300 0.45 0.52±0.02 -
+0.2 0.2

1.3
-
+0.2 0.2

1.0 2

3000 10 110 1650 2300 0.46 0.38±0.02 -
+0.2 0.2

1.3
-
+0.2 0.2

1.0 2

3100 10 110 1650 2300 0.45 0.30±0.02 -
+0.2 0.2

1.3
-
+0.2 0.2

1.0 2

Table 3. Largest contributions to the relative systematic uncertainty in
the signal yield. The uncertainties for the hadronisation and factorisa-
tion scales and for the PDFs are only for the signal acceptance times
efficiency. All uncertainties are given in percent and are determined
after thefit discussed in section 8.

*mm (GeV) 500 1500 2500

Luminosity 2.8 2.8 2.8

Jet energy scale 2.7 1.5 1.1

Hadronisation and factorisation 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
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containing no signal. Both validation regions require the same selection as the SRs except that <mmm 500jj GeV
and >mmm 200 GeV with no selection on ST. Requiring themissing transverse energy be greater (less) than
50 GeV (40 GeV) selects a validation region dominated by ¯tt ( *gZ ) events. For some of the kinematic variables,
an extrapolation of the predicted yield from the validation regions to the SRs is necessary to evaluate possible
mismodelling effects. Of the several kinematic variables studied, only themodelling of the ST variable is found to
have a significant effect. A linearfit to the ratio of the number of data events to theMCexpectation is
extrapolated to higher values of ST, and the deviation fromunity symmetrized about zero gives the uncertainty,
referred to as ‘Z/ *g + jetsmodelling’ and ‘ ¯tt modelling’ in table 4. For both validation regions, the linear fit is
consistent within the statistical uncertainties with aflat line at a ratio of one.

To produce sufficient numbers of events for high dimuonmasses, the *gZ MCsamples were produced in
bins of dimuonmass above the Z mass. For the ST and mmm jj criteria in this analysis, this yields zero events in SR
7 through SR 10 for some ranges of the mmm distribution (for example, 110 to 400 GeV for SR 10). For these SRs,
an additional systematic uncertainty (referred to as ‘Z/ *g + jets extrapolation’ in table 4) is estimated by
loosening the ST criteria and extrapolating into the SR. 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, renormalisation and factorisation 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 themomentum fraction of
the initial partons in the PDFs by this amount, giving a change of less than 1%. The renormalisation and
factorisation 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 lowmass and by less than 1% formasses above 750 GeV.

The uncertainties in the signal yield depend on the *m mass, and the largest contributions are summarised in
table 3 for three representativemasses. For the signal yield, uncertainties in jet energy scale, PDFs, and
luminosity are the dominant sources. The uncertainties in the background depend on the SR, and the largest
contributions are shown in table 4 for three representative regions. Themost significant contributions to the
background uncertainty are from themodelling of the Z/ *g + jets and ¯tt processes. The jet energy scale and the
parton distribution functions alsomake significant contributions. Any source of systematic uncertainty
contributing less than 2% to the background for all SRs and less than 1% to the signal yield for all *m masses
would have negligible effect in the statistical analysis in section 8 and is not included.

8. Results

For eachμ*mass considered, the numbers of events in the corresponding SR and in the two control regions are
simultaneouslyfit [59] using a profile likelihoodmethod [60, 61]. The likelihood functionmodels the number of
events as a Poisson distribution and the systematic effects aremodelled using nuisance parameters with
lognormal constraints. The parameters of interest in the fit are the signal yield in the corresponding SR and the
normalisations of the *gZ and ¯tt backgrounds, with the latter two being primarily determined in thefit 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.

Table 4. Largest contributions to the relative systematic uncer-
tainty in the expected background for three representative signal
regions. All uncertainties are given in percent and are determined
after the fit discussed in section 8.

Signal region 2 6 10

Z/γ*+jetsmodelling 25 47 65

Jet energy scale 19 9.0 6.2
¯tt 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
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As an example of the result of thefit, the mmm jj distribution for SR 2 is shown infigure 2(b) for the data,
expected backgrounds, and three signal predictions forΛ=5 TeV (the SRs for the highermasses have fewer
background events). The expected and observed numbers of events for each signalmass considered are shown in
table 2 forΛ=5 TeV.Due to correlations among the nuisance parameters, the uncertainties on the expected
backgrounds are reduced after the fits. The data are consistent with the SMexpectations, and no significant
excess is observed. Thus, limits on the cross section times branching ratio as a function of the *m mass are
calculated.

Amodified frequentistCLsmethod [62, 63] is used to derive the 95%CLupper limits on the signal yield. The
expected limit is themedian 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 ameasure of howwell the
background-only hypothesismodels the data. For a SR, 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 10with values of 0.034 and 0.099, respectively, corresponding to 1.8
and 1.3 standard deviations on one side of aGaussian distribution. Some kinematic properties of the events in
these SRs are given in table 5. There is one event (event A) that is in all SRs.

An upper limit on the cross section times branching ratio ( ) ( ¯)* *s mm m m ´ pp B qq (figure 3) is
determined for each signalmass from the limit on the signal yield at the 95%CL. The theoretical uncertainties
are not included in either the sB orΛ limit determinations. For *mm above 1.3 TeV, the limit is between 0.6 and
1 fb. The theoretical expectation for *L = mm is also shown. The theoretical band represents uncertainties from
PDFs and from renormalisation and factorisation scales.

The expected cross section and branching ratio depend on the *m mass and onΛ [7]. For each signalmass,
the limit on sB 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 ( )*s LmB m , is equal to the upper limit on sB. The regionwith

* > Lmm is unphysical. For the limiting case where *L = mm , excited-muonmasses below 2.8 TeV are
excluded. Previous limits set byATLAS [17, 21] are also shown. The analysis presented here improves upon the
limits from *m mg formasses above 1100 GeV andupon those from ℓℓ*m m formasses from700 to
2100 GeV.

Table 5.Values of mmmass, mmjj mass, ST, mjj mass for each mjj combination, and pT of eachmuon and jet for the three events in SR 9
or 10.

mmm mmm jj ST mm jj1 mm jj2
mpT

1 mpT
2 p

j
T

1 p
j

T
2

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

Figure 3. Limit at 95%CLon cross section times branching ratio ( ) ( ¯)* *s mm m m pp B qq as a function of the *m 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 sB for the limiting case *L = mm alongwith its uncertainties is also shown (dot-dashed curve).
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9. Conclusion

The results of a search for excitedmuons decaying to mjj via a contact interaction are reported based on data
from s =8 TeV pp collisions collectedwith the ATLAS detector at the LHC corresponding to an integrated
luminosity of 20.3 fb−1. The observed data are consistent with SMexpectations. An upper limit is set at 95%CL
on the cross section times branching ratio ( ¯)*s m mB qq as a function of the excited-muonmass. For *mm
between 1.3 and 3.0 TeV, the limit on sB is between 0.6 and 1 fb.

The sB upper limits are converted to lower bounds on the compositeness scaleΛ. In the limiting case where

*L = mm , excited-muonmasses below 2.8 TeV are excluded. At higher *m masses, the signature explored in this

paper, *m m j j, has better sensitivity than the traditional signature *m m g . For *m masses above 0.8 TeV,
the sensitivity is up to 15%better than a previous search using the signature ℓℓ*m m . Inmodels other than
the benchmarkmodel used here, the branching ratios to thesemodes could be different, affecting their relative
importance for limits on the compositeness scale.
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G-Y Jeng149, D Jennens88, P Jenni48,199, J Jentzsch43, C Jeske169, S Jézéquel5, H Ji172, J Jia147, H Jiang64, Y Jiang33b,
S Jiggins78, J Jimenez Pena166, S Jin33a, A Jinaru26b, O Jinnouchi156, P Johansson138, KA Johns7,W J Johnson137,
K Jon-And145a,145b, G Jones169, RWL Jones72, S Jones7, T J Jones74, J Jongmanns58a, PM Jorge125a,125b,
J Jovicevic158a, X Ju172, A Juste Rozas12,194,MKKöhler171,MKaci166, AKaczmarska39,MKado116, HKagan110,
MKagan142, S J Kahn85, EKajomovitz45, CWKalderon119, AKaluza83, S Kama40, AKamenshchikov129,
NKanaya154, S Kaneti28, VAKantserov97, J Kanzaki66, BKaplan109, L SKaplan172, AKapliy31, DKar144c,
KKarakostas10, AKaramaoun3, NKarastathis10,106,M JKareem54, EKarentzos10,MKarnevskiy83,
SNKarpov65, ZMKarpova65, KKarthik109, VKartvelishvili72, ANKaryukhin129, KKasahara159, L Kashif172,
RDKass110, AKastanas14, YKataoka154, CKato154, AKatre49, J Katzy42, KKawade102, KKawagoe70,
TKawamoto154, GKawamura54, S Kazama154, V FKazanin108,180, RKeeler168, RKehoe40, J S Keller42,
J J Kempster77, HKeoshkerian84, OKepka126, B PKerševan75, S Kersten174, RAKeyes87, F Khalil-zada11,
HKhandanyan145a,145b, AKhanov113, AGKharlamov108,180, T JKhoo28, VKhovanskiy96, EKhramov65,
J Khubua51b,200, S Kido67, HYKim8, SHKim159, YKKim31, NKimura153, OMKind16, B TKing74,MKing166,
S BKing167, J Kirk130, A EKiryunin100, TKishimoto67, DKisielewska38a, F Kiss48, KKiuchi159, OKivernyk135,
EKladiva143b,MHKlein35,MKlein74, UKlein74, KKleinknecht83, PKlimek145a,145b, AKlimentov25,
RKlingenberg43, J AKlinger138, TKlioutchnikova30, E-EKluge58a, PKluit106, S Kluth100, J Knapik39,
EKneringer62, E B FGKnoops85, AKnue53, AKobayashi154, DKobayashi156, TKobayashi154,MKobel44,
MKocian142, PKodys128, TKoffas29, EKoffeman106, L AKogan119, S Kohlmann174, TKohriki66, TKoi142,
HKolanoski16,MKolb58b, I Koletsou5, AAKomar95,219, YKomori154, TKondo66, NKondrashova42,
KKöneke48, ACKönig105, TKono66,201, RKonoplich109,202, NKonstantinidis78, RKopeliansky61, S Koperny38a,

13

New J. Phys. 18 (2016) 073021 GAad et al



LKöpke83, AKKopp48, KKorcyl39, KKordas153, AKorn78, AAKorol108,180, I Korolkov12, EVKorolkova138,
OKortner100, S Kortner100, TKosek128, VVKostyukhin21, VMKotov65, AKotwal45,
AKourkoumeli-Charalampidi153, CKourkoumelis9, VKouskoura25, AKoutsman158a, RKowalewski168,
T ZKowalski38a,WKozanecki135, A SKozhin129, VAKramarenko98, GKramberger75, DKrasnopevtsev97,
MWKrasny80, AKrasznahorkay30, J KKraus21, AKravchenko25,MKretz58c, J Kretzschmar74,
KKreutzfeldt52, PKrieger157, KKrizka31, KKroeninger43, HKroha100, J Kroll121, J Kroseberg21, J Krstic13,
UKruchonak65, HKrüger21, NKrumnack64, AKruse172,MCKruse45,MKruskal22, TKubota88, HKucuk78,
S Kuday4b, J TKuechler174, S Kuehn48, AKugel58c, FKuger173, AKuhl136, TKuhl42, VKukhtin65, RKukla135,
YKulchitsky92, S Kuleshov32b,MKuna131a,131b, TKunigo68, AKupco126, HKurashige67, YAKurochkin92,
VKus126, E SKuwertz168,MKuze156, J Kvita114, TKwan168, DKyriazopoulos138, A LaRosa100,
J L LaRosaNavarro24d, L LaRotonda37a,37b, C Lacasta166, F Lacava131a,131b, J Lacey29, H Lacker16, D Lacour80,
VRLacuesta166, E Ladygin65, R Lafaye5, B Laforge80, T Lagouri175, S Lai54, L Lambourne78, S Lammers61,
C L Lampen7,WLampl7, E Lançon135, U Landgraf48,MP J Landon76, V S Lang58a, J C Lange12, A J Lankford162,
F Lanni25, K Lantzsch21, A Lanza120a, S Laplace80, C Lapoire30, J F Laporte135, T Lari91a, F LasagniManghi20a,20b,
MLassnig30, P Laurelli47,WLavrijsen15, ATLaw136, P Laycock74, T Lazovich57, O LeDortz80, E LeGuirriec85,
E LeMenedeu12,MLeBlanc168, T LeCompte6, F Ledroit-Guillon55, CALee25, S C Lee150, L Lee1, G Lefebvre80,
MLefebvre168, F Legger99, C Leggett15, A Lehan74, G LehmannMiotto30, X Lei7,WALeight29, A Leisos153,203,
AGLeister175,MALLeite24d, R Leitner128, D Lellouch171, B Lemmer54, K J CLeney78, T Lenz21, B Lenzi30,
R Leone7, S Leone123a,123b, C Leonidopoulos46, S Leontsinis10, C Leroy94, CGLester28,MLevchenko122,
J Levêque5, D Levin89, L J Levinson171,MLevy18, AMLeyko21,MLeyton41, B Li33b,204, H Li147, H L Li31, L Li45,
L Li33e, S Li45, X Li84, Y Li140, Z Liang136, H Liao34, B Liberti132a, A Liblong157, P Lichard30, K Lie164, J Liebal21,
WLiebig14, C Limbach21, A Limosani149, S C Lin150,205, THLin83, B E Lindquist147, E Lipeles121, A Lipniacka14,
MLisovyi58b, TMLiss164, D Lissauer25, A Lister167, AMLitke136, B Liu150,206, D Liu150, H Liu89, H Liu25, J Liu85,
J B Liu33b, K Liu85, L Liu164,MLiu45,MLiu33b, Y L Liu33b, Y Liu33b,MLivan120a,120b, A Lleres55,
J LlorenteMerino82, S L Lloyd76, F Lo Sterzo150, E Lobodzinska42, P Loch7,WSLockman136, FKLoebinger84,
A E Loevschall-Jensen36, KMLoew23, A Loginov175, T Lohse16, K Lohwasser42,MLokajicek126, BALong22,
J D Long164, R E Long72, KALooper110, L Lopes125a, D LopezMateos57, B Lopez Paredes138, I Lopez Paz12,
A Lopez Solis80, J Lorenz99, N LorenzoMartinez61,MLosada161, P J Lösel99, X Lou33a, A Lounis116, J Love6,
PALove72, H Lu60a, N Lu89, H J Lubatti137, C Luci131a,131b, A Lucotte55, C Luedtke48, F Luehring61,WLukas62,
L Luminari131a, O Lundberg145a,145b, B Lund-Jensen146, D Lynn25, R Lysak126, E Lytken81, HMa25, L LMa33d,
GMaccarrone47, AMacchiolo100, CMMacdonald138, BMaček75, JMachadoMiguens121,125b, DMadaffari85,
RMadar34, H JMaddocks165,WFMader44, AMadsen42, JMaeda67, SMaeland14, TMaeno25, AMaevskiy98,
EMagradze54, JMahlstedt106, CMaiani116, CMaidantchik24a, AAMaier100, TMaier99, AMaio125a,125b,125d,
SMajewski115, YMakida66, NMakovec116, BMalaescu80, PaMalecki39, V PMaleev122, FMalek55, UMallik63,
DMalon6, CMalone142, SMaltezos10, VMMalyshev108, SMalyukov30, JMamuzic42, GMancini47,
BMandelli30, LMandelli91a, IMandić75, JManeira125a,125b, LManhaes deAndrade Filho24b,
JManjarres Ramos158b, AMann99, BMansoulie135, RMantifel87,MMantoani54, SManzoni91a,91b, LMapelli30,
LMarch49, GMarchiori80,MMarcisovsky126,MMarjanovic13, D EMarley89, FMarroquim24a, S PMarsden84,
ZMarshall15, L FMarti17, SMarti-Garcia166, BMartin90, TAMartin169, V JMartin46, BMartin dit Latour14,
MMartinez12,194, SMartin-Haugh130, V SMartoiu26b, ACMartyniuk78,MMarx137, FMarzano131a, AMarzin30,
LMasetti83, TMashimo154, RMashinistov95, JMasik84, A LMaslennikov108,180, IMassa20a,20b, LMassa20a,20b,
PMastrandrea5, AMastroberardino37a,37b, TMasubuchi154, PMättig174, JMattmann83, JMaurer26b,
S JMaxfield74, DAMaximov108,180, RMazini150, SMMazza91a,91b, NCMcFadden104, GMcGoldrick157,
S PMcKee89, AMcCarn89, R LMcCarthy147, TGMcCarthy29, KWMcFarlane56,219, J AMcfayden78,
GMchedlidze54, S JMcMahon130, RAMcPherson168,189,MMedinnis42, SMeehan137, SMehlhase99, AMehta74,
KMeier58a, CMeineck99, BMeirose41, BRMelladoGarcia144c, FMeloni17, AMengarelli20a,20b, SMenke100,
EMeoni160, KMMercurio57, SMergelmeyer16, PMermod49, LMerola103a,103b, CMeroni91a, F SMerritt31,
AMessina131a,131b, JMetcalfe6, A SMete162, CMeyer83, CMeyer121, J-PMeyer135, JMeyer106,
HMeyer ZuTheenhausen58a, R PMiddleton130, SMiglioranzi163a,163c, LMijović21, GMikenberg171,
MMikestikova126,MMikuž75,MMilesi88, AMilic30, DWMiller31, CMills46, AMilov171, DAMilstead145a,145b,
AAMinaenko129, YMinami154, I AMinashvili65, A IMincer109, BMindur38a,MMineev65, YMing172,
LMMir12, K PMistry121, TMitani170, JMitrevski99, VAMitsou166, AMiucci49, P SMiyagawa138,
J UMjörnmark81, TMoa145a,145b, KMochizuki85, SMohapatra35,WMohr48, SMolander145a,145b,
RMoles-Valls21, RMonden68,MCMondragon90, KMönig42, JMonk36, EMonnier85, AMontalbano147,
JMontejo Berlingen30, FMonticelli71, SMonzani91a,91b, RWMoore3, NMorange116, DMoreno161,
MMoreno Llácer54, PMorettini50a, DMori141, TMori154,MMorii57,MMorinaga154, VMorisbak118,
SMoritz83, AKMorley149, GMornacchi30, J DMorris76, S SMortensen36, LMorvaj147,MMosidze51b, JMoss142,
KMotohashi156, RMount142, EMountricha25, S VMouraviev95,219, E JWMoyse86, SMuanza85, RDMudd18,
FMueller100, JMueller124, R S PMueller99, TMueller28, DMuenstermann72, PMullen53, GAMullier17,
F JMunoz Sanchez84, J AMurilloQuijada18,W JMurray169,130, HMusheghyan54, AGMyagkov129,207,
MMyska127, B PNachman142, ONackenhorst49, J Nadal54, KNagai119, RNagai66, YNagai85, KNagano66,

14

New J. Phys. 18 (2016) 073021 GAad et al



YNagasaka59, KNagata159,MNagel100, ENagy85, AMNairz30, YNakahama30, KNakamura66, TNakamura154,
I Nakano111, HNamasivayam41, R FNaranjoGarcia42, RNarayan31, D INarriasVillar58a, I Naryshkin122,
TNaumann42, GNavarro161, RNayyar7, HANeal89, PYuNechaeva95, T JNeep84, PDNef142, ANegri120a,120b,
MNegrini20a, SNektarijevic105, CNellist116, ANelson162, SNemecek126, PNemethy109, AANepomuceno24a,
MNessi30,208,M SNeubauer164,MNeumann174, RMNeves109, PNevski25, P RNewman18, DHNguyen6,
RBNickerson119, RNicolaidou135, BNicquevert30, J Nielsen136, ANikiforov16, VNikolaenko129,207,
I Nikolic-Audit80, KNikolopoulos18, J KNilsen118, PNilsson25, YNinomiya154, ANisati131a, RNisius100,
TNobe154, LNodulman6,MNomachi117, I Nomidis29, TNooney76, SNorberg112,MNordberg30,
ONovgorodova44, SNowak100,MNozaki66, LNozka114, KNtekas10, ENurse78, FNuti88, FO’grady7,
DCO’Neil141, VO’Shea53, FGOakham29,181, HOberlack100, TObermann21, J Ocariz80, AOchi67, I Ochoa35,
J POchoa-Ricoux32a, SOda70, SOdaka66, HOgren61, AOh84, SHOh45, CCOhm15, HOhman165, HOide30,
HOkawa159, YOkumura31, TOkuyama66, AOlariu26b, L FOleiro Seabra125a, S AOlivares Pino46,
DOliveiraDamazio25, AOlszewski39, J Olszowska39, AOnofre125a,125e, KOnogi102, PUEOnyisi31,197,
C JOram158a,M JOreglia31, YOren152, DOrestano133a,133b, NOrlando153, R SOrr157, BOsculati50a,50b,
ROspanov84, GOtero yGarzon27, HOtono70,MOuchrif134d, FOuld-Saada118, AOuraou135, K POussoren106,
QOuyang33a, AOvcharova15,MOwen53, R EOwen18, V EOzcan19a, NOzturk8, K Pachal141,
APacheco Pages12, C Padilla Aranda12,MPagáčová48, S PaganGriso15, F Paige25, P Pais86, K Pajchel118,
GPalacino158b, S Palestini30,MPalka38b, DPallin34, A Palma125a,125b, E St Panagiotopoulou10, C EPandini80,
J G PanduroVazquez77, P Pani145a,145b, S Panitkin25, DPantea26b, L Paolozzi49, ThDPapadopoulou10,
K Papageorgiou153, A Paramonov6, DParedesHernandez175,MAParker28, KAParker138, F Parodi50a,50b,
J A Parsons35, UParzefall48, V Pascuzzi157, E Pasqualucci131a, S Passaggio50a, F Pastore133a,133b,219, Fr Pastore77,
GPásztor29, S Pataraia174, NDPatel149, J R Pater84, T Pauly30, J Pearce168, B Pearson112, L E Pedersen36,
MPedersen118, S Pedraza Lopez166, R Pedro125a,125b, S VPeleganchuk108,180, DPelikan165, OPenc126, C Peng33a,
HPeng33b, B Penning31, J Penwell61, DVPerepelitsa25, E PerezCodina158a, L Perini91a,91b, H Pernegger30,
S Perrella103a,103b, R Peschke42, VDPeshekhonov65, K Peters30, R FYPeters84, BAPetersen30, TCPetersen36,
E Petit55, APetridis1, C Petridou153, P Petroff116, E Petrolo131a, F Petrucci133a,133b, N EPettersson156,
APeyaud135, R Pezoa32b, PWPhillips130, G Piacquadio142, E Pianori169, A Picazio86, E Piccaro76,
MPiccinini20a,20b,MAPickering119, R Piegaia27, J E Pilcher31, ADPilkington84, AW JPin84, J Pina125a,125b,125d,
MPinamonti163a,163c,209, J L Pinfold3, APingel36, S Pires80, H Pirumov42,MPitt171, L Plazak143a,M-APleier25,
VPleskot83, E Plotnikova65, P Plucinski145a,145b, DPluth64, R Poettgen145a,145b, L Poggioli116, DPohl21,
GPolesello120a, APoley42, APolicicchio37a,37b, R Polifka157, APolini20a, C S Pollard53, V Polychronakos25,
K Pommès30, L Pontecorvo131a, BGPope90, GAPopeneciu26c, D SPopovic13, A Poppleton30, S Pospisil127,
K Potamianos15, I NPotrap65, C J Potter28, CTPotter115, GPoulard30, J Poveda30, V Pozdnyakov65,
MEPozoAstigarraga30, P Pralavorio85, APranko15, S Prell64, DPrice84, L E Price6,MPrimavera73a, S Prince87,
MProissl46, K Prokofiev60c, F Prokoshin32b, E Protopapadaki135, S Protopopescu25, J Proudfoot6,
MPrzybycien38a, DPuddu133a,133b, DPuldon147,MPurohit25,210, P Puzo116, J Qian89, GQin53, YQin84,
AQuadt54, DRQuarrie15,WBQuayle163a,163b,MQueitsch-Maitland84, DQuilty53, S Raddum118, VRadeka25,
VRadescu42, S KRadhakrishnan147, PRadloff115, P Rados88, F Ragusa91a,91b, GRahal177, S Rajagopalan25,
MRammensee30, C Rangel-Smith165, F Rauscher99, S Rave83, TRavenscroft53,MRaymond30, A LRead118,
NPReadioff74, DMRebuzzi120a,120b, ARedelbach173, GRedlinger25, R Reece136, KReeves41, L Rehnisch16,
J Reichert121, HReisin27, CRembser30, HRen33a,MRescigno131a, S Resconi91a, O LRezanova108,180,
PReznicek128, RRezvani94, R Richter100, S Richter78, E Richter-Was38b, ORicken21,MRidel80, P Rieck16,
C J Riegel174, J Rieger54, ORifki112,MRijssenbeek147, ARimoldi120a,120b, L Rinaldi20a, BRistić49, E Ritsch30,
I Riu12, F Rizatdinova113, E Rizvi76, SHRobertson87,189, ARobichaud-Veronneau87, DRobinson28,
J EMRobinson42, ARobson53, CRoda123a,123b, Y Rodina85, ARodriguez Perez12, S Roe30, C SRogan57,
ORøhne118, ARomaniouk97,MRomano20a,20b, SMRomano Saez34, E RomeroAdam166, NRompotis137,
MRonzani48, L Roos80, E Ros166, S Rosati131a, KRosbach48, P Rose136, ORosenthal140, VRossetti145a,145b,
E Rossi103a,103b, L PRossi50a, JHNRosten28, RRosten137,MRotaru26b, I Roth171, J Rothberg137, DRousseau116,
CRRoyon135, ARozanov85, YRozen151, XRuan144c, F Rubbo142, I Rubinskiy42, V I Rud98,M SRudolph157,
F Rühr48, ARuiz-Martinez30, ZRurikova48, NARusakovich65, ARuschke99, H LRussell137, J P Rutherfoord7,
NRuthmann30, Y FRyabov122,MRybar164, GRybkin116, NCRyder119, ARyzhov129, A F Saavedra149,
G Sabato106, S Sacerdoti27, H F-WSadrozinski136, R Sadykov65, F Safai Tehrani131a, P Saha107,M Sahinsoy58a,
MSaimpert135, T Saito154, H Sakamoto154, Y Sakurai170, G Salamanna133a,133b, A Salamon132a,
J E Salazar Loyola32b, D Salek106, PH SalesDeBruin137, 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 SanchezMartinez166, H Sandaker118, R L Sandbach76, HGSander83,
MP Sanders99,MSandhoff174, C Sandoval161, R Sandstroem100, DPCSankey130,MSannino50a,50b, A Sansoni47,
C Santoni34, R Santonico132a,132b, H Santos125a, I SantoyoCastillo148, K Sapp124, A Sapronov65,
J G Saraiva125a,125d, B Sarrazin21, O Sasaki66, Y Sasaki154, K Sato159, G Sauvage5,219, E Sauvan5, G Savage77,
P Savard157,181, C Sawyer130, L Sawyer79,193, J Saxon31, C Sbarra20a, A Sbrizzi20a,20b, T Scanlon78,
DAScannicchio162,MScarcella149, V Scarfone37a,37b, J Schaarschmidt171, P Schacht100, D Schaefer30,

15

New J. Phys. 18 (2016) 073021 GAad et al



RSchaefer42, J Schaeffer83, S Schaepe21, S Schaetzel58b, U Schäfer83, AC Schaffer116, D Schaile99,
RDSchamberger147, V Scharf58a, VA Schegelsky122, D Scheirich128,M Schernau162, C Schiavi50a,50b, C Schillo48,
MSchioppa37a,37b, S Schlenker30, K Schmieden30, C Schmitt83, S Schmitt58b, S Schmitt42, S Schmitz83,
B Schneider158a, Y J Schnellbach74, U Schnoor48, L Schoeffel135, A Schoening58b, BDSchoenrock90, E Schopf21,
A L S Schorlemmer54,M Schott83, D Schouten158a, J Schovancova8, S Schramm49,MSchreyer173, N Schuh83,
M J Schultens21, H-C Schultz-Coulon58a, H Schulz16,MSchumacher48, BA Schumm136, Ph Schune135,
C Schwanenberger84, A Schwartzman142, TA 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, JM Seixas24a, G Sekhniaidze103a, K Sekhon89, S J Sekula40,
DMSeliverstov122,219, 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, NWShaikh145a,145b, L Y Shan33a,
R Shang164, J T Shank22,MShapiro15, P B Shatalov96, K Shaw163a,163b, SMShaw84, A Shcherbakova145a,145b,
CY Shehu148, P Sherwood78, L Shi150,211, S Shimizu67, COShimmin162,M Shimojima101,M Shiyakova65,
A Shmeleva95, D Shoaleh Saadi94,M J Shochet31, S Shojaii91a,91b, S Shrestha110, E Shulga97,MAShupe7,
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,
MSimon83, P Sinervo157, NB Sinev115,M Sioli20a,20b, G Siragusa173, S Yu Sivoklokov98, J Sjölin145a,145b,
T B Sjursen14,MBSkinner72, HP Skottowe57, P Skubic112,M Slater18, T Slavicek127,M Slawinska106, K Sliwa160,
V Smakhtin171, BH Smart46, L Smestad14, S Yu Smirnov97, Y Smirnov97, LN Smirnova98,212, O Smirnova81,
MNKSmith35, RWSmith35,MSmizanska72, K Smolek127, AASnesarev95, G Snidero76, S Snyder25,
R Sobie168,189, F Socher44, A Soffer152, DASoh150,211, G Sokhrannyi75, CA Solans Sanchez30,M Solar127,
E Yu Soldatov97, U Soldevila166, AA Solodkov129, A Soloshenko65, OVSolovyanov129, V Solovyev122,
P Sommer48, HY Song33b,204, N Soni1, A Sood15, A Sopczak127, V Sopko127, V Sorin12, D Sosa58b,
C L Sotiropoulou123a,123b, R Soualah163a,163c, AMSoukharev108,180, D South42, BC Sowden77, S Spagnolo73a,73b,
MSpalla123a,123b,M Spangenberg169, F Spanò77, D Sperlich16, F Spettel100, R Spighi20a, G Spigo30, L A Spiller88,
MSpousta128, RDStDenis53,219, A Stabile91a, S Staerz30, J Stahlman121, R Stamen58a, S Stamm16, E Stanecka39,
RWStanek6, C Stanescu133a,M Stanescu-Bellu42,MMStanitzki42, S Stapnes118, EA Starchenko129,
GHStark31, J Stark55, P Staroba126, P Starovoitov58a, R Staszewski39, P Steinberg25, B Stelzer141, H J Stelzer30,
O Stelzer-Chilton158a, H Stenzel52, GA Stewart53, J A Stillings21,MCStockton87,MStoebe87, G Stoicea26b,
P Stolte54, S Stonjek100, AR Stradling8, A Straessner44,ME Stramaglia17, J Strandberg146, S Strandberg145a,145b,
A Strandlie118,M Strauss112, P Strizenec143b, R Ströhmer173, DMStrom115, R Stroynowski40, A Strubig105,
S A Stucci17, B Stugu14, NAStyles42, D Su142, J Su124, R Subramaniam79, S Suchek58a, Y Sugaya117,M Suk127,
VV Sulin95, S Sultansoy4c, T Sumida68, S Sun57, X Sun33a, J E Sundermann48, K Suruliz148, G Susinno37a,37b,
MRSutton148, S Suzuki66,M Svatos126,M Swiatlowski31, I Sykora143a, T Sykora128, DTa48, C Taccini133a,133b,
KTackmann42, J Taenzer157, ATaffard162, R Tafirout158a, NTaiblum152, HTakai25, R Takashima69,
HTakeda67, T Takeshita139, Y Takubo66,MTalby85, AATalyshev108,180, J YCTam173, KGTan88, J Tanaka154,
RTanaka116, S Tanaka66, B BTannenwald110, S TapiaAraya32b, S Tapprogge83, S Tarem151, G FTartarelli91a,
P Tas128,MTasevsky126, T Tashiro68, E Tassi37a,37b, ATavaresDelgado125a,125b, Y Tayalati134d, ACTaylor104,
GNTaylor88, P TETaylor88,WTaylor158b, FATeischinger30, P Teixeira-Dias77, KKTemming48,
DTemple141, HTenKate30, PKTeng150, J J Teoh117, F Tepel174, S Terada66, KTerashi154, J Terron82, S Terzo100,
MTesta47, R J Teuscher157,189, T Theveneaux-Pelzer85, J PThomas18, J Thomas-Wilsker77, ENThompson35,
PDThompson18, R J Thompson84, A SThompson53, LAThomsen175, E Thomson121,MThomson28,
M J Tibbetts15, R ETicse Torres85, VOTikhomirov95,213, YuATikhonov108,180, S Timoshenko97,
E Tiouchichine85, P Tipton175, S Tisserant85, KTodome156, T Todorov5,219, S Todorova-Nova128, J Tojo70,
S Tokár143a, KTokushuku66, E Tolley57, L Tomlinson84,MTomoto102, L Tompkins142,214, KToms104, B Tong57,
E Torrence115, HTorres141, E Torró Pastor137, J Toth85,215, F Touchard85, DRTovey138, T Trefzger173,
L Tremblet30, ATricoli30, IMTrigger158a, S Trincaz-Duvoid80,MFTripiana12,WTrischuk157, B Trocmé55,
ATrofymov42, CTroncon91a,MTrottier-McDonald15,MTrovatelli168, L Truong163a,163c,MTrzebinski39,
ATrzupek39, J C-LTseng119, PVTsiareshka92, GTsipolitis10, NTsirintanis9, S Tsiskaridze12, VTsiskaridze48,
EGTskhadadze51a, KMTsui60a, I I Tsukerman96, VTsulaia15, S Tsuno66, DTsybychev147, ATudorache26b,
VTudorache26b, ANTuna57, S ATupputi20a,20b, S Turchikhin98,212, DTurecek127, DTurgeman171,
RTurra91a,91b, A J Turvey40, PMTuts35,MTylmad145a,145b,MTyndel130, I Ueda154, RUeno29,MUghetto145a,145b,
FUkegawa159, GUnal30, AUndrus25, GUnel162, F CUngaro88, YUnno66, CUnverdorben99, J Urban143b,
PUrquijo88, PUrrejola83, GUsai8, AUsanova62, L Vacavant85, VVacek127, BVachon87, CValderanis83,
NValencic106, S Valentinetti20a,20b, AValero166, LValery12, S Valkar128, S Vallecorsa49, J AValls Ferrer166,
WVanDenWollenberg106, PCVanDerDeijl106, R van derGeer106, H van derGraaf106, N van Eldik151,
P vanGemmeren6, J VanNieuwkoop141, I vanVulpen106,MCvanWoerden30,MVanadia131a,131b,
WVandelli30, RVanguri121, AVaniachine6, GVardanyan176, RVari131a, EWVarnes7, TVarol40,
DVarouchas80, AVartapetian8, K EVarvell149, F Vazeille34, TVazquez Schroeder87, J Veatch7, LMVeloce157,
FVeloso125a,125c, S Veneziano131a, AVentura73a,73b,MVenturi168, NVenturi157, AVenturini23, VVercesi120a,
MVerducci131a,131b,WVerkerke106, J CVermeulen106, AVest44,216,MCVetterli141,181, OViazlo81, I Vichou164,

16

New J. Phys. 18 (2016) 073021 GAad et al



TVickey138, O EVickey Boeriu138, GHAViehhauser119, S Viel15, RVigne62,MVilla20a,20b,
MVillaplana Perez91a,91b, EVilucchi47,MGVincter29, VBVinogradov65, I Vivarelli148, S Vlachos10,
MVlasak127,MVogel32a, PVokac127, GVolpi123a,123b,MVolpi88, H von der Schmitt100, E vonToerne21,
VVorobel128, KVorobev97,MVos166, RVoss30, JHVossebeld74, NVranjes13,MVranjesMilosavljevic13,
VVrba126,MVreeswijk106, RVuillermet30, I Vukotic31, ZVykydal127, PWagner21,WWagner174,
HWahlberg71, SWahrmund44, JWakabayashi102, JWalder72, RWalker99,WWalkowiak140,
VWallangen145a,145b, CWang150, CWang33d,85, FWang172, HWang15, HWang40, JWang42, JWang149,
KWang87, RWang6, SMWang150, TWang21, TWang35, XWang175, CWanotayaroj115, AWarburton87,
C PWard28, DRWardrope78, AWashbrook46, PMWatkins18, ATWatson18, I JWatson149,MFWatson18,
GWatts137, SWatts84, BMWaugh78, SWebb84,M SWeber17, SWWeber173, J SWebster6, ARWeidberg119,
BWeinert61, JWeingarten54, CWeiser48, HWeits106, P SWells30, TWenaus25, TWengler30, SWenig30,
NWermes21,MWerner48, PWerner30,MWessels58a, JWetter160, KWhalen115, AMWharton72, AWhite8,
M JWhite1, RWhite32b, SWhite123a,123b, DWhiteson162, F JWickens130,WWiedenmann172,MWielers130,
PWienemann21, CWiglesworth36, LAMWiik-Fuchs21, AWildauer100, HGWilkens30, HHWilliams121,
SWilliams106, CWillis90, SWillocq86, J AWilson18, IWingerter-Seez5, FWinklmeier115, B TWinter21,
MWittgen142, JWittkowski99, S JWollstadt83,MWWolter39, HWolters125a,125c, BKWosiek39, JWotschack30,
M JWoudstra84, KWWozniak39,MWu55,MWu31, S LWu172, XWu49, YWu89, TRWyatt84, BMWynne46,
S Xella36, DXu33a, LXu25, BYabsley149, S Yacoob144a, R Yakabe67, DYamaguchi156, Y Yamaguchi117,
AYamamoto66, S Yamamoto154, TYamanaka154, KYamauchi102, Y Yamazaki67, ZYan22, HYang33e,
HYang172, YYang150, ZYang14,W-MYao15, YCYap80, Y Yasu66, E Yatsenko5, KHYauWong21, J Ye40, S Ye25,
I Yeletskikh65, A LYen57, EYildirim42, KYorita170, RYoshida6, KYoshihara121, CYoung142, C J SYoung30,
S Youssef22, DRYu15, J Yu8, JMYu89, J Yu64, L Yuan67, S PYYuen21, I Yusuff28,217, B Zabinski39, R Zaidan33d,
AMZaitsev129,207, NZakharchuk42, J Zalieckas14, A Zaman147, S Zambito57, L Zanello131a,131b, DZanzi88,
C Zeitnitz174,MZeman127, AZemla38a, J CZeng164, QZeng142, K Zengel23, OZenin129, TŽeniš143a, DZerwas116,
DZhang89, F Zhang172, G Zhang33b,204, HZhang33c, J Zhang6, L Zhang48, R Zhang21, R Zhang33b,218, X Zhang33d,
Z Zhang116, X Zhao40, Y Zhao33d,116, Z Zhao33b, A Zhemchugov65, J Zhong119, B Zhou89, C Zhou45, L Zhou35,
L Zhou40,MZhou147, NZhou33f, CGZhu33d, HZhu33a, J Zhu89, Y Zhu33b, X Zhuang33a, K Zhukov95, A Zibell173,
DZieminska61, N I Zimine65, C Zimmermann83, S Zimmermann48, Z Zinonos54,MZinser83,MZiolkowski140,
L Živkovic ́13, GZobernig172, A Zoccoli20a,20b,M zurNedden16, G Zurzolo103a,103b, L Zwalinski30TheATLAS
Collaboration

1 Department of Physics, University of Adelaide, Adelaide, Australia
2 PhysicsDepartment, SUNYAlbany, AlbanyNY,USA
3 Department of Physics, University of Alberta, EdmontonAB,Canada
4a Department of Physics, AnkaraUniversity, Ankara, Turkey
4b Istanbul AydinUniversity, Istanbul, Turkey
4c Division of Physics, TOBBUniversity of Economics andTechnology, Ankara, Turkey
5 LAPP, CNRS/IN2P3 andUniversité SavoieMont Blanc, Annecy-le-Vieux, France
6 High Energy PhysicsDivision, ArgonneNational Laboratory, Argonne IL, USA
7 Department of Physics, University of Arizona, TucsonAZ,USA
8 Department of Physics, TheUniversity of Texas at Arlington, ArlingtonTX,USA
9 PhysicsDepartment, University of Athens, Athens, Greece
10 PhysicsDepartment, National Technical University of Athens, Zografou, Greece
11 Institute of Physics, AzerbaijanAcademy of Sciences, Baku, Azerbaijan
12 Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science andTechnology, Barcelona, Spain
13 Institute of Physics, University of Belgrade, Belgrade, Serbia
14 Department for Physics andTechnology, University of Bergen, Bergen, Norway
15 PhysicsDivision, Lawrence BerkeleyNational Laboratory andUniversity of California, Berkeley CA,USA
16 Department of Physics, HumboldtUniversity, Berlin, Germany
17 Albert Einstein Center for Fundamental Physics and Laboratory forHigh Energy Physics, University of Bern, Bern, Switzerland
18 School of Physics andAstronomy,University of Birmingham, Birmingham,UK
19a Department of Physics, Bogazici University, Istanbul, Turkey
19b Department of Physics Engineering, GaziantepUniversity, Gaziantep, Turkey
19c Department of Physics, DogusUniversity, Istanbul, Turkey
20a INFNSezione di Bologna, Italy
20b Dipartimento di Fisica e Astronomia, Università di Bologna, Bologna, Italy
21 Physikalisches Institut, University of Bonn, Bonn, Germany
22 Department of Physics, BostonUniversity, BostonMA,USA
23 Department of Physics, Brandeis University,WalthamMA,USA
24a Universidade Federal doRioDe JaneiroCOPPE/EE/IF, Rio de Janeiro, Brazil
24b Electrical Circuits Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora, Brazil
24c Federal University of Sao Joao del Rei (UFSJ), Sao Joao del Rei, Brazil
24d Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil
25 PhysicsDepartment, BrookhavenNational Laboratory, UptonNY,USA
26a Transilvania University of Brasov, Brasov, Romania
26b National Institute of Physics andNuclear Engineering, Bucharest, Romania
26c National Institute for Research andDevelopment of Isotopic andMolecular Technologies, PhysicsDepartment, ClujNapoca, Romania

17

New J. Phys. 18 (2016) 073021 GAad et al



26d University Politehnica Bucharest, Bucharest, Romania
26e West University in Timisoara, Timisoara, Romania
27 Departamento de Física, Universidad de BuenosAires, Buenos Aires, Argentina
28 Cavendish Laboratory, University of Cambridge, Cambridge, UK
29 Department of Physics, CarletonUniversity, OttawaON,Canada
30 CERN,Geneva, Switzerland
31 Enrico Fermi Institute, University of Chicago, Chicago IL, USA
32a Departamento de Física, PontificiaUniversidadCatólica deChile, Santiago, Chile
32b Departamento de Física, Universidad Técnica Federico SantaMaría, Valparaíso, Chile
33a Institute ofHigh Energy Physics, Chinese Academy of Sciences, Beijing, People’s Republic of China
33b Department ofModern Physics, University of Science andTechnology of China, Anhui, People’s Republic of China
33c Department of Physics, NanjingUniversity, Jiangsu, People’s Republic of China
33d School of Physics, ShandongUniversity, Shandong, People’s Republic of China
33e Department of Physics andAstronomy, Shanghai Key Laboratory for Particle Physics andCosmology, Shanghai Jiao TongUniversity,

Shanghai, People’s Republic of China
33f PhysicsDepartment, TsinghuaUniversity, Beijing 100084, People’s Republic of China
34 Laboratoire de PhysiqueCorpusculaire, ClermontUniversité andUniversité Blaise Pascal andCNRS/IN2P3, Clermont-Ferrand, France
35 Nevis Laboratory, ColumbiaUniversity, IrvingtonNY,USA
36 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
37a INFNGruppoCollegato di Cosenza, Laboratori Nazionali di Frascati, Italy
37b Dipartimento di Fisica, Università della Calabria, Rende, Italy
38a AGHUniversity of Science andTechnology, Faculty of Physics andAppliedComputer Science, Krakow, Poland
38b Marian Smoluchowski Institute of Physics, JagiellonianUniversity, Krakow, Poland
39 Institute ofNuclear Physics Polish Academy of Sciences, Krakow, Poland
40 PhysicsDepartment, SouthernMethodist University, Dallas TX,USA
41 PhysicsDepartment, University of Texas atDallas, RichardsonTX,USA
42 DESY,Hamburg andZeuthen, Germany
43 Institut für Experimentelle Physik IV, TechnischeUniversität Dortmund,Dortmund, Germany
44 Institut für Kern- undTeilchenphysik, TechnischeUniversität Dresden, Dresden, Germany
45 Department of Physics, DukeUniversity, DurhamNC,USA
46 SUPA - School of Physics andAstronomy,University of Edinburgh, Edinburgh, UK
47 INFNLaboratori Nazionali di Frascati, Frascati, Italy
48 Fakultät fürMathematik undPhysik, Albert-Ludwigs-Universität, Freiburg, Germany
49 Section de Physique, Université deGenève, Geneva, Switzerland
50a INFNSezione diGenova, Italy
50b Dipartimento di Fisica, Università di Genova, Genova, Italy
51a E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi StateUniversity, Tbilisi, Georgia
51b High Energy Physics Institute, Tbilisi StateUniversity, Tbilisi, Georgia
52 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
53 SUPA - School of Physics andAstronomy,University ofGlasgow,Glasgow, UK
54 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
55 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble, France
56 Department of Physics, HamptonUniversity, HamptonVA,USA
57 Laboratory for Particle Physics andCosmology, HarvardUniversity, CambridgeMA,USA
58a Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
58b Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg,Heidelberg, Germany
58c ZITI Institut für technische Informatik, Ruprecht-Karls-Universität Heidelberg,Mannheim,Germany
59 Faculty of Applied Information Science,Hiroshima Institute of Technology,Hiroshima, Japan
60a Department of Physics, TheChineseUniversity ofHongKong, Shatin, N.T., HongKong, People’s Republic of China
60b Department of Physics, TheUniversity ofHongKong,HongKong, People’s Republic of China
60c Department of Physics, TheHongKongUniversity of Science andTechnology, ClearWater Bay, Kowloon,HongKong, China
61 Department of Physics, IndianaUniversity, Bloomington IN,USA
62 Institut für Astro- undTeilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
63 University of Iowa, IowaCity IA, USA
64 Department of Physics andAstronomy, Iowa StateUniversity, Ames IA, USA
65 Joint Institute forNuclear Research, JINRDubna, Dubna, Russia
66 KEK,High Energy Accelerator ResearchOrganization, Tsukuba, Japan
67 Graduate School of Science, KobeUniversity, Kobe, Japan
68 Faculty of Science, KyotoUniversity, Kyoto, Japan
69 KyotoUniversity of Education, Kyoto, Japan
70 Department of Physics, KyushuUniversity, Fukuoka, Japan
71 Instituto de Física La Plata, UniversidadNacional de La Plata andCONICET, La Plata, Argentina
72 PhysicsDepartment, LancasterUniversity, Lancaster, UK
73a INFNSezione di Lecce, Italy
73b Dipartimento diMatematica e Fisica, Università del Salento, Lecce, Italy
74 Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
75 Department of Physics, Jožef Stefan Institute andUniversity of Ljubljana, Ljubljana, Slovenia
76 School of Physics andAstronomy,QueenMaryUniversity of London, London,UK
77 Department of Physics, RoyalHollowayUniversity of London, Surrey, UK
78 Department of Physics andAstronomy,University College London, London,UK
79 Louisiana TechUniversity, Ruston LA,USA
80 Laboratoire de PhysiqueNucléaire et deHautes Energies, UPMCandUniversité Paris-Diderot andCNRS/IN2P3, Paris, France
81 Fysiska institutionen, Lunds universitet, Lund, Sweden

18

New J. Phys. 18 (2016) 073021 GAad et al



82 Departamento de Fisica Teorica C-15, Universidad Autonoma deMadrid,Madrid, Spain
83 Institut für Physik, UniversitätMainz,Mainz, Germany
84 School of Physics andAstronomy,University ofManchester,Manchester, UK
85 CPPM,Aix-Marseille Université andCNRS/IN2P3,Marseille, France
86 Department of Physics, University ofMassachusetts, AmherstMA,USA
87 Department of Physics,McGill University,MontrealQC,Canada
88 School of Physics, University ofMelbourne, Victoria, Australia
89 Department of Physics, TheUniversity ofMichigan, AnnArborMI,USA
90 Department of Physics andAstronomy,Michigan StateUniversity, East LansingMI,USA
91a INFNSezione diMilano, Italy
91b Dipartimento di Fisica, Università diMilano,Milano, Italy
92 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,Minsk, Republic of Belarus
93 National Scientific and Educational Centre for Particle andHigh Energy Physics,Minsk, Republic of Belarus
94 Group of Particle Physics, University ofMontreal,MontrealQC, Canada
95 P.N. Lebedev Physical Institute of the RussianAcademy of Sciences,Moscow, Russia
96 Institute for Theoretical and Experimental Physics (ITEP),Moscow, Russia
97 National ResearchNuclearUniversityMEPhI,Moscow, Russia
98 D.V. Skobeltsyn Institute ofNuclear Physics,M.V. LomonosovMoscow StateUniversity,Moscow, Russia
99 Fakultät für Physik, Ludwig-Maximilians-UniversitätMünchen,München, Germany
100 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut),München, Germany
101 Nagasaki Institute of Applied Science, Nagasaki, Japan
102 Graduate School of Science andKobayashi-Maskawa Institute, NagoyaUniversity, Nagoya, Japan
103a INFNSezione diNapoli, Italy
103b Dipartimento di Fisica, Università diNapoli, Napoli, Italy
104 Department of Physics andAstronomy,University ofNewMexico, AlbuquerqueNM,USA
105 Institute forMathematics, Astrophysics and Particle Physics, RadboudUniversityNijmegen/Nikhef, Nijmegen, TheNetherlands
106 NikhefNational Institute for Subatomic Physics andUniversity of Amsterdam, Amsterdam, TheNetherlands
107 Department of Physics, Northern IllinoisUniversity, DeKalb IL, USA
108 Budker Institute ofNuclear Physics, SB RAS,Novosibirsk, Russia
109 Department of Physics, NewYorkUniversity, NewYorkNY,USA
110 Ohio StateUniversity, ColumbusOH,USA
111 Faculty of Science, OkayamaUniversity, Okayama, Japan
112 Homer L.DodgeDepartment of Physics andAstronomy,University ofOklahoma,NormanOK,USA
113 Department of Physics, Oklahoma StateUniversity, StillwaterOK,USA
114 PalackýUniversity, RCPTM,Olomouc, Czech Republic
115 Center forHigh Energy Physics, University ofOregon, EugeneOR,USA
116 LAL,Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
117 Graduate School of Science, OsakaUniversity, Osaka, Japan
118 Department of Physics, University of Oslo, Oslo,Norway
119 Department of Physics, OxfordUniversity, Oxford, UK
120a INFNSezione di Pavia, Italy
120b Dipartimento di Fisica, Università di Pavia, Pavia, Italy
121 Department of Physics, University of Pennsylvania, Philadelphia PA,USA
122 National ResearchCentre ”Kurchatov Institute”B.P.Konstantinov PetersburgNuclear Physics Institute, St. Petersburg, Russia
123a INFNSezione di Pisa, Italy
123b Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
124 Department of Physics andAstronomy,University of Pittsburgh, Pittsburgh PA,USA
125a Laboratório de Instrumentação e Física Experimental de Partículas - LIP, Lisboa, Portugal
125b Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal
125c Department of Physics, University of Coimbra, Coimbra, Portugal
125d Centro de FísicaNuclear daUniversidade de Lisboa, Lisboa, Portugal
125e Departamento de Fisica, Universidade doMinho, Braga, Portugal
125f Departamento de Fisica Teorica y del Cosmos andCAFPE,Universidad deGranada, Granada, Spain
125g Dep Fisica andCEFITECof Faculdade deCiencias e Tecnologia, UniversidadeNova de Lisboa, Caparica, Portugal
126 Institute of Physics, Academy of Sciences of theCzechRepublic, Praha, CzechRepublic
127 Czech Technical University in Prague, Praha, Czech Republic
128 Faculty ofMathematics and Physics, Charles University in Prague, Praha, CzechRepublic
129 State ResearchCenter Institute forHigh Energy Physics (Protvino), NRCKI, Russia
130 Particle PhysicsDepartment, RutherfordAppleton Laboratory, Didcot, UK
131a INFNSezione di Roma, Italy
131b Dipartimento di Fisica, SapienzaUniversità di Roma, Roma, Italy
132a INFNSezione di RomaTorVergata, Italy
132b Dipartimento di Fisica, Università di RomaTorVergata, Roma, Italy
133a INFNSezione di RomaTre, Italy
133b Dipartimento diMatematica e Fisica, Università RomaTre, Roma, Italy
134a Faculté des Sciences AinChock, RéseauUniversitaire de Physique desHautes Energies - UniversitéHassan II, Casablanca,Morocco
134b CentreNational de l’Energie des Sciences TechniquesNucleaires, Rabat,Morocco
134c Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech,Morocco
134d Faculté des Sciences, UniversitéMohamed Premier and LPTPM,Oujda,Morocco
134e Faculté des sciences, UniversitéMohammedV, Rabat,Morocco
135 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay (Commissariat à l’Energie Atomique et aux

Energies Alternatives), Gif-sur-Yvette, France
136 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa CruzCA,USA

19

New J. Phys. 18 (2016) 073021 GAad et al



137 Department of Physics, University ofWashington, SeattleWA,USA
138 Department of Physics andAstronomy,University of Sheffield, Sheffield, UK
139 Department of Physics, ShinshuUniversity, Nagano, Japan
140 Fachbereich Physik, Universität Siegen, Siegen, Germany
141 Department of Physics, Simon FraserUniversity, Burnaby BC,Canada
142 SLACNational Accelerator Laboratory, StanfordCA,USA
143a Faculty ofMathematics, Physics & Informatics, ComeniusUniversity, Bratislava, Slovakia
143b Department of Subnuclear Physics, Institute of Experimental Physics of the SlovakAcademy of Sciences, Kosice, Slovak Republic
144a Department of Physics, University of Cape Town, CapeTown, SouthAfrica
144b Department of Physics, University of Johannesburg, Johannesburg, SouthAfrica
144c School of Physics, University of theWitwatersrand, Johannesburg, SouthAfrica
145a Department of Physics, StockholmUniversity, Sweden
145b TheOskar KleinCentre, Stockholm, Sweden
146 PhysicsDepartment, Royal Institute of Technology, Stockholm, Sweden
147 Departments of Physics &Astronomy andChemistry, Stony BrookUniversity, Stony BrookNY,USA
148 Department of Physics andAstronomy,University of Sussex, Brighton, UK
149 School of Physics, University of Sydney, Sydney, Australia
150 Institute of Physics, Academia Sinica, Taipei, Taiwan
151 Department of Physics, Technion: Israel Institute of Technology,Haifa, Israel
152 Raymond andBeverly Sackler School of Physics andAstronomy, Tel AvivUniversity, Tel Aviv, Israel
153 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
154 International Center for Elementary Particle Physics andDepartment of Physics, TheUniversity of Tokyo, Tokyo, Japan
155 Graduate School of Science andTechnology, TokyoMetropolitanUniversity, Tokyo, Japan
156 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
157 Department of Physics, University of Toronto, TorontoON,Canada
158a TRIUMF, Vancouver BC, Canada
158b Department of Physics andAstronomy, YorkUniversity, TorontoON,Canada
159 Faculty of Pure andApplied Sciences, andCenter for Integrated Research in Fundamental Science and Engineering, University of

Tsukuba, Tsukuba, Japan
160 Department of Physics andAstronomy, TuftsUniversity,MedfordMA,USA
161 Centro de Investigaciones, Universidad AntonioNarino, Bogota, Colombia
162 Department of Physics andAstronomy,University of California Irvine, Irvine CA,USA
163a INFNGruppoCollegato diUdine, Sezione di Trieste, Udine, Italy
163b ICTP, Trieste, Italy
163c Dipartimento di Chimica, Fisica e Ambiente, Università diUdine, Udine, Italy
164 Department of Physics, University of Illinois, Urbana IL,USA
165 Department of Physics andAstronomy,University ofUppsala, Uppsala, Sweden
166 Instituto de Física Corpuscular (IFIC) andDepartamento de Física Atómica,Molecular yNuclear andDepartamento de Ingeniería

Electrónica and Instituto deMicroelectrónica de Barcelona (IMB-CNM), University of Valencia andCSIC, Valencia, Spain
167 Department of Physics, University of British Columbia, Vancouver BC,Canada
168 Department of Physics andAstronomy,University of Victoria, Victoria BC,Canada
169 Department of Physics, University ofWarwick, Coventry, UK
170 WasedaUniversity, Tokyo, Japan
171 Department of Particle Physics, TheWeizmann Institute of Science, Rehovot, Israel
172 Department of Physics, University ofWisconsin,MadisonWI,USA
173 Fakultät für Physik undAstronomie, Julius-Maximilians-Universität,Würzburg, Germany
174 Fakultät fürMathematik undNaturwissenschaften, Fachgruppe Physik, BergischeUniversitätWuppertal,Wuppertal, Germany
175 Department of Physics, YaleUniversity, NewHavenCT,USA
176 Yerevan Physics Institute, Yerevan, Armenia
177 Centre deCalcul de l’InstitutNational de PhysiqueNucléaire et de Physique des Particules (IN2P3), Villeurbanne, France
178 Also atDepartment of Physics, Kingʼs College London, London, UK
179 Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
180 Also atNovosibirsk StateUniversity, Novosibirsk, Russia
181 Also at TRIUMF,Vancouver BC, Canada
182 Also atDepartment of Physics &Astronomy,University of Louisville, Louisville, KY,USA
183 Also atDepartment of Physics, California StateUniversity, FresnoCA,USA
184 Also atDepartment of Physics, University of Fribourg, Fribourg, Switzerland
185 Also atDepartament de Fisica de laUniversitat Autonoma de Barcelona, Barcelona, Spain
186 Also atDepartamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal
187 Also at Tomsk StateUniversity, Tomsk, Russia
188 Also atUniversita diNapoli Parthenope, Napoli, Italy
189 Also at Institute of Particle Physics (IPP), Canada
190 Also at Particle PhysicsDepartment, Rutherford Appleton Laboratory, Didcot, UK
191 Also atDepartment of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
192 Also atDepartment of Physics, TheUniversity ofMichigan, AnnArborMI, USA
193 Also at Louisiana TechUniversity, Ruston LA,USA
194 Also at InstitucioCatalana deRecerca i Estudis Avancats, ICREA, Barcelona, Spain
195 Also at Graduate School of Science, OsakaUniversity, Osaka, Japan
196 Also atDepartment of Physics, National TsingHuaUniversity, Taiwan
197 Also atDepartment of Physics, TheUniversity of Texas at Austin, Austin TX,USA
198 Also at Institute of Theoretical Physics, Ilia StateUniversity, Tbilisi, Georgia
199 Also at CERN,Geneva, Switzerland
200 Also at GeorgianTechnical University (GTU), Tbilisi, Georgia

20

New J. Phys. 18 (2016) 073021 GAad et al



201 Also atOchadai Academic Production, OchanomizuUniversity, Tokyo, Japan
202 Also atManhattanCollege,NewYorkNY,USA
203 Also atHellenicOpenUniversity, Patras, Greece
204 Also at Institute of Physics, Academia Sinica, Taipei, Taiwan
205 Also at Academia SinicaGrid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan
206 Also at School of Physics, ShandongUniversity, Shandong, China
207 Also atMoscow Institute of Physics andTechnology StateUniversity, Dolgoprudny, Russia
208 Also at Section de Physique, Université deGenève, Geneva, Switzerland
209 Also at International School for Advanced Studies (SISSA), Trieste, Italy
210 Also atDepartment of Physics andAstronomy,University of SouthCarolina, Columbia SC,USA
211 Also at School of Physics and Engineering, SunYat-senUniversity, Guangzhou, China
212 Also at Faculty of Physics,M.V.LomonosovMoscow StateUniversity,Moscow, Russia
213 Also atNational ResearchNuclearUniversityMEPhI,Moscow, Russia
214 Also atDepartment of Physics, StanfordUniversity, StanfordCA,USA
215 Also at Institute for Particle andNuclear Physics,Wigner ResearchCentre for Physics, Budapest, Hungary
216 Also at FlensburgUniversity of Applied Sciences, Flensburg, Germany
217 Also atUniversity ofMalaya, Department of Physics, Kuala Lumpur,Malaysia
218 Also at CPPM,Aix-Marseille Université andCNRS/IN2P3,Marseille, France
219 Deceased

21

New J. Phys. 18 (2016) 073021 GAad et al


	1. Introduction
	2. ATLAS detector
	3. Signal and background simulation
	4. Data set and event selection
	5. Background determination
	6. Signal regions
	7. Systematic uncertainties
	8. Results
	9. Conclusion
	Acknowledgments
	References



