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Search for new resonances in Wγ and Zγ Final States in pp Collisions at
√
s = 8 TeV

with the ATLAS Detector

The ATLAS Collaboration

This Letter presents a search for new resonances decaying to final states with a vector boson
produced in association with a high transverse momentum photon, V γ, with V = W (→ `ν) or
Z(→ `+`−), where ` = e or µ. The measurements use 20.3 fb−1 of proton–proton collision data
at a center–of–mass energy of

√
s = 8 TeV recorded with the ATLAS detector. No deviations

from the Standard Model expectations are found, and production cross section limits are set at 95%
confidence level. Masses of the hypothetical aT and ωT states of a benchmark Low Scale Technicolor
model are excluded in the ranges [275, 960] GeV and [200, 700]∪ [750, 890] GeV, respectively. Limits
at 95% confidence level on the production cross section of a singlet scalar resonance decaying to Zγ
final states have also been obtained for masses below 1180 GeV.

I. INTRODUCTION

The search for diboson resonances is an essential step
in exploring the source of Electroweak Symmetry Break-
ing (EWSB). The observation of a Higgs boson decaying
to γγ, ZZ and W+W− final states, reported by the AT-
LAS and CMS Collaborations [1, 2], represents a mile-
stone in particle physics history. However, the precise
nature of the observed Higgs boson is not well known,
and a dynamical mechanism of EWSB and fermion mass
generation may yet involve a variety of heavy bosons of
spin-0 or spin-1.

This Letter presents a search for narrow scalar and vec-
tor heavy resonances decaying to Wγ or Zγ final states,
where the W and Z bosons decay to leptons (e or µ).
The existence of a new vector or scalar resonance cou-
pling to a boson pair Wγ or Zγ is predicted by many
physics scenarios, including various new physics models
with scalar particles [3, 4] and vector particles [5].

The Low Scale Technicolor (LSTC) [5] model is used
as a benchmark model for the search for spin-1 reso-
nances decaying to Wγ and Zγ final states explored in
this paper. The discovery of a Higgs boson, with its pa-
rameters in agreement with the Standard Model (SM)
predictions, does not exclude the full phase space of the
LSTC model, and the basic phenomenology would re-
main valid for a Technicolor model with a light com-
posite Higgs boson. To minimize the model dependence
of the search results, the signal cross section is mea-
sured within a well defined fiducial region. The pre-
dicted new bound states of the lightest doublet of tech-
nifermions, the technimesons aT, ωT, ρT and πT, gener-
ate a new phenomenology. The mass splittings between
the technimesons are set to be as follows: mρT = mωT

,
maT ≈ 1.1×mρT and mρT −mπT

= mW [6]. The decays
of technimesons to technipions are therefore kinemati-
cally forbidden. The technimesons mostly decay to pairs
of electroweak gauge bosons, the most abundant decay
channels being ωT → Zγ, aT →Wγ and ρT →WZ,Wγ.
These technimeson resonances are expected to be narrow,
with typical values Γ(ρT, ωT, aT) ≈ 1 GeV.

A phenomenological model describing a singlet scalar

particle φ [7, 8] is chosen as another benchmark in the
search for spin-0 resonances decaying to Zγ. The neutral
scalar could be composite, produced by a hypothetical
new strong interaction. It could be the pseudo–Goldstone
boson playing an important role in the dynamical EWSB.
This low energy effective model is independent of the
underlying dynamical details and its Lagrangian can be
written as follows:

Leff = cg
4παs

Λ
φGaµνG

aµν + cW
4παem

Λ · sin2 θW
φW a

µνW
aµν

+ cB
4παem

Λ · cos2 θW
φBµνB

µν . (1)

Here αs and αem are, respectively, the couplings of the
strong and electromagnetic interactions, Λ is the cutoff
scale and θW is the Weinberg angle. Moreover, cg, cW
and cB are the coupling coefficients between the scalar
field φ and the gluon field strength Gaµν , the SU(2) field
strength W a

µν and the U(1) field strength Bµν respec-
tively. The scalar field φ interacts with the gauge boson
pairs directly via dimension–5 operators, rather than via
loop-induced effective interactions as in the case of the
SM Higgs particle. Therefore, the gluon–gluon fusion
production of φ and the branching ratio to Zγ decay are
significantly enhanced compared to the SM equivalent
process gg → H → Zγ. No SM Yukawa interaction of
φ with fermions is allowed so that there is no decay to
bb̄ or tt̄ final states. The WW and ZZ decays of φ are
largely suppressed due to its electroweak–singlet nature,
compared with the SM Higgs boson.

Previous limits on new resonances decaying to Wγ and
Zγ final states from pp̄ and pp production have been
obtained at the Tevatron by the DØ Collaboration [9]
and at the Large Hadron Collider (LHC) by the ATLAS
Collaboration [10]. At ATLAS, the production of aT and
ωT for masses below 703 GeV and 494 GeV, respectively,
was excluded within the LSTC benchmark parameters.
The most stringent limits on LSTC have been set by the
CMS [11] Collaboration, excluding the production of ρT
for masses below mρT < 1.14 TeV, but using a slightly
different choice of parameters.
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II. ATLAS DETECTOR AND DATA SAMPLE

The ATLAS detector [12] is composed of an inner
tracker detector (ID) surrounded by a thin superconduct-
ing solenoid providing a 2 T axial magnetic field, elec-
tromagnetic (EM) and hadronic calorimeters (HC), and
a muon spectrometer (MS) immersed in the magnetic
field produced by a system of superconducting toroids.
The ID consists of three subsystems: the pixel and sili-
con microstrip detectors cover the pseudorapidity1 range
|η| < 2.5, while the transition radiation tracker, made
of straw tubes, has an acceptance range of |η| < 2.0.
The calorimeter system covers the range |η| < 4.9. The
highly segmented electromagnetic calorimeter plays a
crucial role in electron and photon identification. It is
composed of lead absorbers with Liquid Argon (LAr) as
the active material and spans |η| < 3.2. In the region
|η| < 1.8, a pre-sampler detector using a thin layer of
LAr is used to correct for the energy lost by electrons
and photons upstream of the calorimeter. The hadronic
tile calorimeter (|η| < 1.7) is a steel/scintillating-tile de-
tector and is located directly outside the envelope of
the barrel electromagnetic calorimeter. The end–caps
and forward calorimeters use LAr as the active mate-
rial, with copper (EM) and tungsten (HC) as absorber
materials. The MS is composed of three large super-
conducting air–core toroid magnets of eight coils each, a
system of three stations of high precision tracking cham-
bers in the range |η| < 2.7, and a muon trigger system
which covers |η| < 2.4. The precision measurement is
ensured by monitored drift tubes and, at large pseudo-
rapidities (|η| > 2), for the innermost layer, by cathode
strip chambers. The muon trigger system is composed of
resistive plate chambers in the barrel region (|η| < 1.05),
and thin gap chambers in the end–cap (1.05 < |η| < 2.4).

The ATLAS trigger system has three distinct levels,
L1, L2 and the event filter, where each trigger level re-
fines the decisions made at the previous level. The data
used for the present analysis were collected in 2012 from
pp collisions at a center-of-mass energy of 8 TeV at the
LHC. The total integrated luminosity is 20.3 fb−1 with an
uncertainty of 2.8% [13]. Events are selected by triggers
requiring at least one identified electron or muon. The
transverse energy (ET) threshold for the single-lepton
trigger is 24 GeV. The lepton trigger efficiencies are mea-
sured using Z boson candidates as a function of the trans-
verse momentum pT and η. The trigger efficiencies for
the leptons are approximately 70% for muons with |η| <

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

∆R =
√

(∆η)2 + (∆φ)2.

1.05, 90% for muons in the range 1.05 < |η| < 2.4 [14],
and 95% for electrons in the range |η| < 2.4.

III. SIGNAL AND BACKGROUND SIMULATED
SAMPLES

Monte Carlo (MC) event samples, including a full sim-
ulation [15] of the ATLAS detector with Geant4 [16], are
used to compare the data to the signal and background
expectations. All MC samples are simulated with addi-
tional pp interactions (pile-up) in the same and neighbor-
ing bunch crossings.

The production and decay of neutral (ωT → Zγ) and
charged technimesons (aT→Wγ) in the LSTC model are
handled by the Pythia6.426 generator [17]. The follow-
ing parameters are used in the event generation: number
of technicolors NTC = 4; techniquark charges QU = 1
and QD = 0 for the Zγ final state and QU = 1/2 and
QD = −1/2 for the Wγ final state. With this parame-
terization of the techniquark charges, the dominant con-
tribution to the Wγ final state is from aT decay. By re-
moving the ρT contribution, the model dependence that
could result from having two nearby peaks in the bench-
mark signal is further reduced. The sine of the mix-
ing angle between the technipions and the electroweak
gauge boson longitudinal component is set to 1/3. As
stated in the introduction, the mass splittings between
the technimesons are set to: mρT = mωT

= maT/1.1,
and mρT −mπT

= mW .
Simulations of the signals for singlet scalar parti-

cles are generated using Madgraph5 [18] interfaced
to Pythia8 [19] for parton shower and fragmenta-
tion processes. The generation uses the leading-
order (LO) parton distribution function (PDF) set
MSTW2008LO [20]. Since the kinematic distribution of
the Zγ decay of a scalar boson is determined by its spin
and CP properties in the narrow–width approximation,
the gluon-gluon fusion production and the decay are sim-
ulated by using the SM Higgs process in Madgraph5,
fixing the resonance width to 5.75 MeV.

The cross section of the singlet scalar process gg →
φ → Zγ is calculated by choosing two sets of coupling
parameters in Eq. 1. In the parameter set (a), the cou-
pling coefficients are set to cg = cW = −cB = 1/4π,
as suggested by Naive Dimensional Analysis (NDA) [21].
Here, the relative phases are chosen to enhance the Zγ
coupling. If a large new color number N ′c = 4 of the un-
derlying strong dynamics is considered in NDA [22, 23],
and larger couplings with the electroweak gauge bosons
are assumed [8], then larger values of the coefficients
can also be possible, depending on the underlying the-
ory. Thus another parameter set (b) is selected as fol-
lows: cg = 1/2π, cW = −cB = 1/π. In both parame-
terizations, the Zγ decay rate is dominant over the γγ
decay rate. The underlying dynamics scale is set to be
Λ = 6 TeV, motivated by the Higgs boson couplings
measurements [24, 25]. The width of the singlet scalar
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for each of set (a) and (b) is well below the experimental
resolution over the full mass range studied.

The main background processes, SM pp → `+`−γ
and pp → `νγ production, are modeled using the
Sherpa (1.4.1) generator [26]. An invariant mass cut of
m(`+`−) > 40 GeV is applied at the generator level when
simulating the pp → `+`−γ process. The CT10 [27]
PDF is used for samples generated with Sherpa. In the
Wγ analysis, the Z(`+`−) and Z(τ+τ−) backgrounds are
modelled with Pythia8. The final state radiation of pho-
tons from charged leptons is treated in Pythia8 using
Photos. Tauola (1.20) [28] is used to model τ lepton
decays. Events with one or more hard photons (pT >10
GeV) in Z(`+`−) and Z(τ+τ−) MC simulations are re-
moved, in order to avoid overlaps with Zγ MC samples.
In the Zγ analysis, Z(`+`−) and Z(τ+τ−) MC samples
are used to cross check the data-driven Z+jet background
estimation.

The Powheg [29] generator is used to simulate tt̄
production, and is interfaced to Pythia8 for par-
ton showering and fragmentation. The single top
quark, WW , WZ and ZZ processes are modelled
by MC@NLO (4.02) [30, 31], interfaced to Her-
wig (6.520)[32] for parton showering and fragmentation
processes and to Jimmy (4.30) [33] for underlying event
simulation. The LO MRST2007 [34] PDF set is used to
simulate the Z(`+`−) backgrounds, and the CT10 PDF
set is used in simulating tt̄, single top quark, WW , WZ
and ZZ production.

IV. PHYSICS OBJECT RECONSTRUCTION
AND SELECTION

The W and Z bosons are reconstructed from their lep-
tonic decays and are required in addition to an isolated
high ET photon. Furthermore, collision events are se-
lected by requiring a reconstructed vertex with at least
three charged particle tracks with pT > 0.4 GeV. In
events with more than one candidate vertex, the one with
the highest sum of the p2T of associated tracks is chosen.

An electron candidate is obtained from an energy clus-
ter in the EM calorimeter associated with a reconstructed
track in the ID. The transverse energy of electrons is re-
quired to be greater than 25 GeV. The electron cluster
must lie within the overall fiducial acceptance of the EM
calorimeters and the ID. In the Wγ final states, the elec-
trons found in the transition region between the barrel
and end-cap EM calorimeters are removed in order to im-
prove the Emiss

T resolution. The acceptance requirements
are |η| < 1.37 or 1.52 < |η| < 2.47 for Wγ events and
|η| < 2.47 for Zγ events. At the electron track’s closest
approach to the primary vertex, the ratio of the trans-
verse impact parameter d0 to its uncertainty (the d0 sig-
nificance) must be smaller than 6.5, and the longitudinal
impact parameter |z0| must be less than 10 mm. Tight
electron identification, as defined in Ref. [35], is used in
the W (eν)γ analysis, whereas loose identification [35] is

used to select electrons in the Z(e+e−)γ analysis. In or-
der to reduce the background due to a jet misidentified
as an electron, a calorimeter–based isolation requirement
is applied to the electron candidate. The normalized
calorimetric isolation (Riso

calo) for electrons must satisfy
Riso

calo < 0.20. It is computed as the sum of the positive-
energy topological clusters with a reconstructed barycen-
ter falling in a cone of ∆R < 0.2 around the candidate
electron cluster divided by the electron ET. The energy
deposited by the electron is subtracted.

In both Wγ and Zγ analyses, muon candidates are
identified by associating complete tracks or track seg-
ments in the MS to tracks in the ID [36]. Each of these
muon candidates corresponds to a combined ID and MS
track originating from the primary vertex with transverse
momentum pT > 25 GeV and |η| < 2.4. In the Zγ anal-
ysis, muon candidates can also be formed from tracks
reconstructed either in the ID or in the MS. This al-
lows one to increase the signal efficiency by extending
the muon |η| acceptance up to 2.7. In the central barrel
region |η| < 0.1, which lacks MS coverage, ID tracks are
identified as muons based on the associated energy de-
posits in the calorimeter. These muons are required to
have a calorimeter energy deposit consistent with that of
a minimum ionizing particle. Muons are required to be
isolated by imposing Riso

track < 0.3 (0.15 for muons with-
out an ID track), where Riso

track is the sum of the pT of the
tracks in a ∆R = 0.2 cone around the muon direction,
excluding the track of the muon, divided by the muon
pT. The d0 significance must be smaller than 3.5, and
|z0| must be less than 10 mm.

Overlap removal is applied to electrons and muons that
satisfy all selection criteria and share the same ID track,
in order to avoid double counting. In particular, if the
muon is identified by the MS, then the electron candidate
is discarded, otherwise the muon candidate is rejected.

Photon candidate reconstruction relies on clustered en-
ergy deposits in the EM calorimeter with ET > 40 GeV
in the range |η| < 2.37 (excluding the calorimeter transi-
tion region 1.37 < |η| < 1.52). Clusters without match-
ing tracks are directly classified as unconverted photon
candidates. Clusters that are matched to tracks which
originate from reconstructed conversion vertices in the ID
or to tracks consistent with coming from a conversion are
considered as converted photon candidates. Both uncon-
verted and converted candidates are used in the present
analysis. Tight requirements on the shower shapes [35]
are applied to suppress the background from multiple
showers produced in meson (e.g. π0, η) decays. To fur-
ther reduce this background, a photon isolation require-
ment Eiso

T < 4 GeV is applied. The isolation variable Eiso
T

is the total transverse energy recorded in the calorimeters
within a cone of ∆R = 0.4 around the photon position ex-
cluding the energy deposit of the photon itself. The value
of Eiso

T is corrected for leakage from the photon energy
cluster core into the isolation cone and for contributions
from the underlying event and pile-up [35, 37].

Jets are reconstructed from calibrated topological clus-
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ters built from energy deposits [12] in the calorimeter us-
ing the anti-kt jet clustering algorithm [38] with radius
parameter R = 0.4. The selected jets are required to
have pT > 25 GeV with |η| < 4.5, and to be well sepa-
rated from the lepton and photon candidates (∆R(e/µ/γ,
jet)> 0.3).

The Wγ final state has missing transverse momentum,
Emiss

T [39], due to the undetected neutrino from the W
boson decay. Its magnitude and direction are measured
from the vector sum of the transverse momentum vec-
tors associated with clusters of energy reconstructed in
the calorimeters with |η| < 4.9. A correction is applied
to the energy of those clusters that are associated with
a reconstructed physical object (jet, electron, τ -lepton,
photon). Reconstructed muons are also included in the
sum, and any calorimeter energy deposits associated with
them are excluded to avoid double counting.

V. Wγ AND Zγ EVENT SELECTION

The `νγ candidate events are selected by requiring ex-
actly one lepton with pT > 25 GeV, at least one photon
with EγT > 40 GeV and Emiss

T above 35 GeV. In addition,
the transverse mass 2 of the lepton–Emiss

T system is re-
quired to be greater than 40 GeV. A Z-veto requirement
is applied in the electron channel of the Wγ analysis by
requiring that the electron–photon invariant mass be not
within 15 GeV of the Z boson mass. This is used to sup-
press the background where one of the electrons from the
Z boson decay is mis-identified as a photon.

The `+`−γ candidates are selected by requiring two
oppositely charged same–flavor leptons with an invariant
mass between 65 and 115 GeV, and at least one photon
with EγT > 40 GeV. For µ+µ−γ, at least one of the two
muons must be reconstructed both in the ID and the MS.
If more than one Z candidate is found in the same event,
the one with mass closest to the Z mass is retained.

In both the Wγ and Zγ analyses, a selection require-
ment ∆R(`, γ) > 0.7 is applied to suppress the contribu-
tions from photons radiated from the selected leptons. If
more than one photon passes all of the selection criteria,
the one with the highest pT is selected.

VI. ANALYSIS STRATEGY

A search for a signal is performed with an unbinned
maximum likelihood fit of the mass spectra of the `νγ and
`+`−γ systems. In order to select and validate the prob-
ability density function used to model the background

2 The transverse mass is defined as mT =√
2pT(`) · Emiss

T · (1− cos ∆φ), where ∆φ is the azimuthal

separation between the directions of the lepton and the missing
transverse momentum vector.

shape, a study of the background composition is also
performed. In the final results, the background normal-
ization and shape are extracted by performing a signal-
plus-background maximum likelihood fit directly to the
data spectrum.

VII. STUDY OF THE BACKGROUND
COMPOSITION

The composition of the backgrounds affecting the `νγ
and `+`−γ searches are studied by using a combination
of simulation and data–driven methods. The dominant
contribution is the SM V γ production, then come other
processes, like V+jets, γ+jets, tt̄ and other diboson final
states, such as WW and WZ. The SM V γ backgrounds
are estimated using Sherpa MC samples. A control re-
gion is defined to validate the MC modeling. The events
in the control regions are selected by imposing the nomi-
nal event selection criteria, except that the photon EγT
is required to be between 15 and 40 GeV. The com-
parison of the relevant kinematic distributions, such as
the transverse momenta of the leptons and photons and
the transverse missing energy corresponding to the un-
detected neutrino, in the control regions shows that the
V γ background is well modeled by the MC simulation.
The backgrounds estimated from data are Z/W+jets and
γ+jets in the `νγ final state, and Z+jets in the `+`−γ fi-
nal state. The data–driven backgrounds are estimated by
using a two–dimensional sideband method, as described
in Ref. [40]. The remaining backgrounds, i.e. tt̄, single
top, WW , WZ, and ZZ are estimated with MC simula-
tions.

The background prediction obtained in all four final
states is shown in Table I. The distribution of the Wγ
system three-body transverse mass 3 for the selected Wγ
events is shown in Fig. 1, while Fig. 2 presents the Zγ
invariant mass distribution. Here, data are compared
to the sum of the SM expected backgrounds and show
fair agreement. The significance, shown as a function
of the mass in the lower panels, only includes statistical
uncertainties and is defined as the z–value between the
data points and the fit expectation, which is the devia-
tion at the right of the mean of a Gaussian distribution,
expressed in units of standard deviations, as described in
Ref. [41]. The event rate in the high mass region has a
significance below three standard deviations, and is at-
tributed to a statistical fluctuation.

3 The Wγ system three-body transverse mass is defined as:

(m`νγT )2 = (
√
m2
`γ + |~pT(γ) + ~pT(`)|2 + Emiss

T )2

−|~pT(γ) + ~pT(`) + ~Emiss
T |2.

(2)
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Background eνγ µνγ e+e−γ µ+µ−γ
W (`ν)γ 6100± 50 8710± 150 – –
Z(``)γ

1160± 40 1100± 40
1770± 20 2170± 30

Z(``)+jets 180± 90± 70 160± 90± 50
W (`ν)+jets 790± 50± 330 1110± 70± 310 – –
γ+jets 870± 60± 300 1460± 110± 510 – –
tt̄ 700± 20 1310± 20 4± 1 5± 1

other backgrounds 160± 10 310± 11 2.4± 0.3 1.7± 0.2
Total expected 9780± 80± 450 14000± 130± 620 1960± 90± 80 2340± 90± 50
Total observed 10437 14082 2086 2429

TABLE I. Total number of events passing the W/Zγ selection requirements in the data, and expected number of SM background
events in the eνγ, µνγ, e+e−γ and µ+µ−γ final states. The first uncertainty is statistical and, when present, the second
uncertainty shows an estimate of the systematic effects. The systematic uncertainty is only presented for W+jets and γ+jets
background in Wγ analysis, and for Z+jets background in Zγ analysis, since the uncertainty on these background estimates
dominates the uncertainty of the total background estimate. The “other backgrounds” include contributions from single top,
WW and WZ production.
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FIG. 1. Three-body transverse mass distribution for the eνγ (a) and µνγ (b) final states. The background-only fit to the data

and the one standard deviation uncertainty band are shown. The significance (see text for details) as a function of m`νγ
T in the

lower panel includes only statistical uncertainties. The expected signal for a resonance mass of 600 GeV is superimposed.

VIII. FIT MODEL AND STATISTICAL
METHODS

The signal and background parameterizations have
been chosen to best describe the mass distribution shapes
of, respectively, fully simulated MC samples and a mix-
ture of MC samples and data–driven estimates. The fit
to data takes into account all systematic uncertainties,
discussed in Sec. VIII D.

A. Background modeling

All the mass distributions, shown in Figs. 1 and 2,
have a broad maximum in the low mass region due to the
kinematic cuts used. The shape of the SM background is
thus parameterized only for masses larger than 180 GeV.

A probability density function is chosen to describe
the expected SM background mass distribution for the
range, between 180 GeV and 1.6 TeV. The variation
of the background composition, within systematic uncer-
tainties, presented in Sec. VII is also taken into account
in evaluating the background parametrization systemat-
ics. For both the Wγ and Zγ final states, the probability
density function best describing the SM background dis-
tribution, in the chosen range, is found to be the sum of
two exponentials. The impact of the choice of the back-
ground model on the final result has been studied, as
discussed in Sec. VIII D.

The results of the unbinned fit to the data can be
seen as the solid curve on each of the mass spectra in
Fig. 1 and 2. A good description of data is found, and
the Pearson’s χ2 per degree of freedom obtained for the
background-only fit is close to unity for all distributions.
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FIG. 2. Three-body invariant mass distribution for (a) the e+e−γ and (b) µ+µ−γ final states. The background-only fit to
the data and the one standard deviation uncertainty band are is shown. The significance (see text for details) as a function

of m`+`−γ in the lower panel includes only statistical uncertainties. The expected signal for a resonance mass of 500 GeV is
superimposed.

B. Signal modeling

The parameterizations of the signal shapes have been
obtained from the benchmark signal MC samples. For
all W/Zγ spin-1 and Zγ spin-0 resonances considered,
the signal mass distribution is described by the sum of
a Crystal-Ball function (CB) [42–44], which reproduces
the core mass resolution plus a non-Gaussian tail for low
mass values, and a small wider Gaussian component that
takes into account outliers in the mass distribution. The
mean value of the CB and the Gaussian are chosen to be
the same.

For simulated events, the mean fitted mass is found
to be within 2 GeV of the generated resonance mass for
the Zγ final state. At the reconstruction level, the full
width at half maximum of the Zγ signal grows approx-
imately linearly from 7 GeV to 38 GeV in the electron
channel, and from 7 GeV to 100 GeV in the muon chan-
nel, for masses generated between 200 GeV and 1.6 TeV.
The full width at half maximum of the Wγ transverse
mass also grows approximately linearly, and goes from
50 GeV to 100 GeV in the electron channel, and from
45 GeV to 190 GeV in the muon channel, for masses gen-
erated between 200 GeV and 1.6 TeV. These widths are
completely dominated by reconstruction effects, since we
assume the hypothetical signals to be narrow.

C. Statistical method

The search is conducted by performing a scan of the
mZγ and mT

Wγ distributions using a probability density
function describing both the background shape and a sig-

nal peak at a given mass. The step size used in the scan
is 20 GeV for the Wγ channel and 10 GeV for the Zγ
channel. The difference in the scan step takes into ac-
count the different resolutions of a hypothetical peak in
the two channels. The scan starts at a signal mass of
275 GeV for the Wγ final state, and of 200 GeV for the
Zγ final state, and goes up to 1600 GeV. Each fit is
performed in a mass range of [180, 1600] GeV for both
Zγ and Wγ final states, in order to ensure that there are
enough events in the sidebands of a hypothetical signal
peak.

The background normalization and the two exponen-
tial coefficients of the SM background probability density
function are free to vary in the fit. The parameters of
the signal probability density functions are fixed to their
nominal values from fits to the MC signal model, except
for the normalization of the signal and for the nuisance
parameters that account for the systematic uncertainties
on the signal event rate and resolution, described be-
low. The systematic uncertainty related to the choice of
parameterization for the background, on the other hand,
has been estimated by testing different parameterizations
and verifying that the extracted background and signal
yields do not vary significantly, and was found to be neg-
ligible with respect to the other systematic and statistical
uncertainties considered.

The signal yield, NS , depends on the parameter of in-
terest of the fit, i.e. the signal fiducial cross section σFid
at a given signal mass, as follows:

NS = σFid · εReco ·
∫
Ldt, (3)

where the factor εReco is the signal reconstruction
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efficiency, defined as the number of reconstructed signal
events passing the full event selection divided by the
number of events generated in the fiducial region defined
in Table II. The signal reconstruction efficiency has been
estimated by using signal MC simulated samples, and
accounts for effects due to the detector resolution on the
lepton and photon transverse momentum and energies,
and on the missing transverse energy. The parameter
εph in the table is defined at particle level as the sum of
the energy carried by final state particles in a ∆R = 0.4
cone around the photon direction (not including the
photon) divided by the energy carried by the photon.
To account for the effect of final-state QED radiation,
the energy of the generated lepton at particle level is
defined as the energy of the lepton after radiation plus
the energy of all radiated photons within a ∆R = 0.1
cone around the lepton direction. The σFid parameter is
the same for both muon and electron channels in each
final state, and is thus determined by simultaneously
performing the fit in the two channels, so that the re-
sults obtained are less sensitive to statistical fluctuations.

Cuts `νγ `+`−γ

Lepton p`T > 25 GeV p`T > 25 GeV
|η`| < 2.47 |η`| < 2.47
N` = 1 N`+ = 1, N`− = 1

Neutrino pνT > 35 GeV —

Boson mW
T > 40 GeV 65 < mZ < 115 GeV

Photon EγT > 40 GeV
|ηγ | < 2.37, ∆R(`, γ) > 0.7

εph < 0.5

TABLE II. Definition of the fiducial region at the particle
generator level. Here pνT is the transverse momentum of the
neutrino from the W boson decay; N` is the number of leptons
per event; εph is the photon isolation fraction.

In order to test different hypothetical values of the pa-
rameter of interest, the test statistic based on the Pro-
file Likelihood Ratio λ(σFid; θ) is used, where θ is the
vector of nuisance parameters, defined in Ref. [45]. It
is defined from the likelihood describing the probability

density function of m`νγ
T and m`+`−γ under a signal-plus-

background hypothesis and is a function of the param-
eter of interest and of the nuisance parameters related
to the systematic uncertainties. The statistical tests are

then performed on the m`νγ
T and m`+`−γ distributions

combining the muon and electron channels in each final
state.

The probability of the background-only hypothesis, or
local p0-value, is obtained by using a frequentist ap-
proach. The latter gives the probability that the back-
ground fluctuates to the observation or above. If no hint
for a new physics signal is found, the data is interpreted
by using a modified frequentist approach (CLs) [46] for
setting limits. A fiducial cross section is claimed to be
excluded at 95% CL when CLs is less than 0.05.

D. Systematic uncertainties

Systematic uncertainties on the signal resonances are
taken into account as nuisance parameters in the like-
lihood function used for the full signal and background
model. Two different effects are evaluated for each source
of systematic uncertainty, one for the signal event rate
and one for the resolution of the signal. The rest of the
parameters are kept fixed to their nominal value in the
fit. Each systematic effect is investigated by propagat-
ing the corresponding uncertainty to the signal sample.
These are computed separately for each of the simulated
resonance mass points. The systematic uncertainties are
summarized below for mωT

= 500 GeV in the Zγ channel
and maT = 600 GeV in the Wγ channel.

For the photon, systematic effects due to isolation,
identification, energy resolution and energy scale are con-
sidered. The systematic uncertainties due to the photon
reconstruction and identification are dominant. The to-
tal effect on the signal event rate is estimated to be 3.4%
in all of the channels, and contributes up to 3 GeV, de-
pending on the final state and channel, to the systematic
uncertainty on the signal peak width.

The systematic effects due to the electron energy res-
olution and electron energy scale [47] are treated as fully
correlated with the photon energy scale and resolution
in the final states containing electrons (e+e−γ and eνγ).
The effects of the muon energy scale and muon energy
resolution, lepton identification and trigger efficiency are
also investigated. The total effect of the lepton re-
construction and identification on the signal event rate
reaches 1.5% in the electron channels, and 1% in the
muon channels. The effect on the peak width due to lep-
ton reconstruction and identification amounts to 0.3 GeV
or less.

Systematic effects due to the jet energy scale and res-
olution and the calibration of the missing transverse en-
ergy only have an impact on the Wγ final state. These
are found to cause uncertainties in the event rate of about
0.9% and on the peak width of up to 0.2 GeV. The jet
energy scale and resolution effects on the Zγ final state
are negligible.

Finally a systematic uncertainty on the resonance pro-
duction rate due to the 2.8% uncertainty on the inte-
grated luminosity [13] is considered.

The total systematic uncertainty on the event rate is
found to be approximately 5%, adding all independent
contributions in quadrature, for all the mass points in
the two channels. The systematic uncertainty on the
peak width is found to be approximately 1.5 (0.5) GeV
for the Zγ final state at mωT

= 500 GeV in the electron
(muon) channel, and 2.8 (1.1) GeV at maT = 600 GeV in
the Wγ final state, in the electron (muon) channel.

Since the SM backgrounds are determined using a fit
to the data, uncertainties on the detector resolution and
physics object reconstruction or identification have a neg-
ligible effect on the total background yield extraction.
However, a systematic effect from the background mod-
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eling is investigated. The method considered consists
of generating background–only “Asimov” datasets4 [45],
and fitting them with the signal and background model
in order to estimate the bias introduced on the fitted sig-
nal yield (“spurious signal”). In the Zγ low mass region,
it is found that the spurious signal reaches 25% of the
statistical uncertainty on the total background yield, in
the rest of the regions of all Zγ and Wγ final states the
spurious signal is below 10% and has a negligible impact.
For these regions an additional systematic uncertainty is
assigned, associating a nuisance parameter to the amount
of spurious signal estimated in the above described pro-
cedure.

IX. RESULTS

The two largest deviations from the background–only
configuration are observed, in the spin-1 search, at
1350 GeV for the Wγ final state, and at 350 GeV and
700 GeV for the Zγ final state. Similarly, in the spin-0
search, the largest deviation is close to 350 GeV. The p0-
values are estimated to be greater than 0.01 in all cases,
corresponding in all cases to a local significance below
approximately 2.5σ. These small excesses, also visible in
the mass spectra in Figs. 1 and 2, are at the level ex-
pected due to statistical fluctuations. No evidence of a
new physics signal is found in the Wγ and Zγ final states
when analyzing the totality of the 8 TeV data collected
by ATLAS in the mass ranges considered.

Therefore, 95% CL limits are set on the production
of LSTC technimesons and composite scalars decaying
to Wγ and Zγ final states. Figure 3 shows the ob-
served and expected limits in the fiducial region obtained
for an LSTC aT → Wγ (a), ωT → Zγ (b), and for
a composite scalar φ → Zγ (c). Using 20.3 fb−1 of
8 TeV data, the LSTC benchmark model is excluded
at 95% CL in the range [275, 960] GeV for Wγ, and
[200, 700]∪ [750, 890] GeV for Zγ. In the spin-0 searches,
no sensitivity is reached for the composite scalar model
with the parameter set (a), whereas composite scalar
models with the parameter set (b) are excluded at 95%
CL in most of the mass range [200, 1180] GeV.

X. CONCLUSIONS

This paper describes the results of searches with the
ATLAS detector for LSTC technimesons and composite

scalar particles decaying to V γ final states. The observed
data prove to be consistent with the SM background ex-
pectations. Using the LSTC benchmark model, the pro-
duction of aT is excluded up to maT = 960 GeV in the
Wγ mode and the production of ωT is excluded in most
of the mass range below 890 GeV in the Zγ channel.
Using the benchmark composite scalar model, the pro-
duction of φ is excluded in most of the mass range below
1180 GeV for coupling scenario (b) described in text.
The limits on the LSTC benchmark are more stringent
than the previous results obtained at ATLAS and docu-
mented in Ref. [40].
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[19] T. Sjöstrand, S. Mrenna and P. Skands, Comput. Phys.

Commun. 178 (2008) 852 [arXiv:0710.3820].
[20] A. D. Martin, W. Stirling, R. Thorne and G. Watt, Eur.

Phys. J. C 63 (2009) 189 [arXiv:0901.0002].
[21] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett.

B 412 (1997) 301 [arXiv:hep-ph/9706275].
[22] B. Holdom, Phys. Rev. D 56 (1997) 7461

[arXiv:hep-ph/9706527].
[23] H. Georgi, Phys. Lett. B 298 (1993) 187

[arXiv:hep-ph/9207278].
[24] M. Montull, F. Riva, E. Salvioni and R. Torre, Phys.

Rev. D 88 (2013) 095006 [arXiv:1308.0559].
[25] G. Panico, M. Redi, A. Tesi and A. Wulzer, JHEP 1303

(2013) 051 [arXiv:1210.7114].
[26] T. Gleisberg et al., JHEP 02 (2004) 056

[arXiv:hep-ph/0311263].
[27] H.-L. Lai et al., Phys. Rev. D 82 (2010) 074024

[arXiv:1007.2241].
[28] N. Davidson, G. Nanava, T. Przedzinski, E. Richter-Was

and Z. Was, Comput. Phys. Commun. 183 (2012) 821
[arXiv:1002.0543].

[29] S. Frixione, P. Nason and C. Oleari, JHEP 11 (2007) 070
[arXiv:0709.2092].

[30] S. Frixione and B. R. Webber, JHEP 06 (2002) 029
[arXiv:hep-ph/0204244].

[31] S. Frixione, F. Stoeckli, P. Torrielli and B. R. Webber,
JHEP 01 (2011) 053 [arXiv:1010.0568].

[32] G. Corcella et al., JHEP 01 (2001) 010
[arXiv:hep-ph/0011363].

[33] J. M. Butterworth, J. R. Forshaw and M. H. Seymour,
Z. Phys. C 72 (1996) 637 [arXiv:hep-ph/9601371].

[34] A. Sherstnev and R. S. Thorne, Eur. Phys. J. C 55 (2008)
553 [arXiv:0711.2473].

[35] ATLAS Collaboration, Eur. Phys. J. C 72 (2012) 1909
[arXiv:1110.3174].

[36] ATLAS Collaboration, JHEP 12 (2010) 060
[arXiv:1010.2130].

[37] ATLAS Collaboration, ATLAS-CONF-2012-123
http://cdsweb.cern.ch/record/1473426.

[38] M. Cacciari, G. P. Salam and G. Soyez, JHEP 04 (2008)
063 [arXiv:0802.1189].

[39] ATLAS Collaboration, Eur. Phys. J. C 72 (2012) 1844
[arXiv:1108.5602].

[40] ATLAS Collaboration, Phys. Rev. D 87 (2013) 112003
[arXiv:1302.1283].

[41] G. Choudalakis and D. Casadei, Eur. Phys. J. Plus 127
(2012) 25 [arXiv:1111.2062].

[42] T. Skwarnicki, Ph.D. thesis, DESY-F31-86-02 (1986).
[43] M. Oreglia, Ph.D. thesis, SLAC-R-0236 (1980).
[44] J. Gaiser, Ph.D. thesis, SLAC-R-0255 (1982).
[45] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Eur.

Phys. J. C 71 (2011) 1554 [arXiv:1007.1727].
[46] A. L. Read, J. Phys. G 28 (2002) 2693.
[47] ATLAS Collaboration, CERN-PH-EP-2014-153

[arXiv:1407.5063].

http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7235
http://arxiv.org/abs/0705.1953
http://arxiv.org/abs/1010.2528
http://arxiv.org/abs/0706.2339
http://arxiv.org/abs/1105.4587
http://arxiv.org/abs/1008.5302
http://arxiv.org/abs/1111.3684
http://arxiv.org/abs/1302.1283
http://lanl.arxiv.org/abs/1407.3476
http://arxiv.org/abs/1302.4393
http://arxiv.org/abs/1408.3179
http://arxiv.org/abs/1005.4568
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/1106.0522
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/0901.0002
http://arxiv.org/abs/hep-ph/9706275
http://arxiv.org/abs/hep-ph/9706527
http://arxiv.org/abs/hep-ph/9207278
http://arxiv.org/abs/1308.0559
http://arxiv.org/abs/1210.7114
http://arxiv.org/abs/hep-ph/0311263
http://arxiv.org/abs/1007.2241
http://arxiv.org/abs/1002.0543
http://arxiv.org/abs/arXiv:0709.2092
http://arxiv.org/abs/hep-ph/0204244
http://arxiv.org/abs/1010.0568
http://arxiv.org/abs/hep-ph/0011363
http://arxiv.org/abs/hep-ph/9601371
http://arxiv.org/abs/0711.2473
http://arxiv.org/abs/1110.3174
http://arxiv.org/abs/1010.2130
http://cdsweb.cern.ch/record/1473426
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1108.5602
http://arxiv.org/abs/1302.1283
http://arxiv.org/abs/1111.2062
http://arxiv.org/abs/1007.1727
http://arxiv.org/abs/1407.5063


10

 [GeV]
T

am
400 600 800 1000 1200 1400 1600

) 
[f
b
]

γ
) ν

 W
(l

→
 B

R
(X

×
fi
d

σ

­210

­110

1

10

Observed 95% CL upper limit

Expected 95% CL upper limit

σ 1 ±Expected  

σ 2 ±Expected  
γ) ν W(l→ 

T
a

=8 TeVs, 
­1

 L dt = 20.3 fb∫
ATLAS

γν l→pp 

(a)

 [GeV]
T

ωm
200 400 600 800 1000 1200 1400 1600

) 
[f
b
]

γ)­ l
+

 Z
(l

→
 B

R
(X

 
× 

fi
d

σ

­210

­110

1

10

=8 TeVs, 
­1

 L dt = 20.3 fb∫
ATLAS

γ
­
l

+
 l→pp 

Observed 95% CL upper limit

Expected 95% CL upper limit

σ 1 ±Expected  

σ 2 ±Expected  

γ) 
­
l

+
 Z(l→ 

T
ω

(b)

 [GeV]φm

200 400 600 800 1000 1200 1400 1600

) 
[f
b
]

γ)­ l
+

 Z
(l

→ φ
 B

R
(

×
fi
d

σ

­3
10

­210

­110

1

10

=8 TeVs, 
­1

 L dt = 20.3 fb∫
ATLAS

γ
­
l

+
 l→pp 

Observed 95% CL upper limit

Expected 95% CL upper limit

σ 1 ±Expected  

σ 2 ±Expected  

, parameter set (a) γ) 
­
l

+
 Z(l→ φ

, parameter set (b)γ) 
­
l

+
 Z(l→ φ

(c)

FIG. 3. Observed limits in the fiducial region in the: Wγ final state as a function of maT (a), Zγ final state as a function
of mωT (b) and Zγ final state as a function of mφ (c) obtained using the full 8 TeV ATLAS dataset. The black line is the
observed limit. The dashed black line is the expected limit, the yellow and green bands are the one and two σ uncertainties
on the expectation. The red lines in (a) and (b) are the theoretical cross sections for the LSTC benchmark models considered.
The blue line and magenta line in (c) show the theoretical cross sections for the benchmark composite scalar model with the
parameter set (a) and (b), respectively.



11

The ATLAS Collaboration

G. Aad84, B. Abbott112, J. Abdallah152, S. Abdel Khalek116, O. Abdinov11, R. Aben106, B. Abi113, M. Abolins89,
O.S. AbouZeid159, H. Abramowicz154, H. Abreu153, R. Abreu30, Y. Abulaiti147a,147b, B.S. Acharya165a,165b,a,
L. Adamczyk38a, D.L. Adams25, J. Adelman177, S. Adomeit99, T. Adye130, T. Agatonovic-Jovin13a,
J.A. Aguilar-Saavedra125a,125f , M. Agustoni17, S.P. Ahlen22, F. Ahmadov64,b, G. Aielli134a,134b,
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F. Barreiro81, J. Barreiro Guimarães da Costa57, R. Bartoldus144, A.E. Barton71, P. Bartos145a, V. Bartsch150,
A. Bassalat116, A. Basye166, R.L. Bates53, J.R. Batley28, M. Battaglia138, M. Battistin30, F. Bauer137,
H.S. Bawa144,e, M.D. Beattie71, T. Beau79, P.H. Beauchemin162, R. Beccherle123a,123b, P. Bechtle21, H.P. Beck17,
K. Becker176, S. Becker99, M. Beckingham171, C. Becot116, A.J. Beddall19c, A. Beddall19c, S. Bedikian177,
V.A. Bednyakov64, C.P. Bee149, L.J. Beemster106, T.A. Beermann176, M. Begel25, K. Behr119,
C. Belanger-Champagne86, P.J. Bell49, W.H. Bell49, G. Bella154, L. Bellagamba20a, A. Bellerive29, M. Bellomo85,
K. Belotskiy97, O. Beltramello30, O. Benary154, D. Benchekroun136a, K. Bendtz147a,147b, N. Benekos166,
Y. Benhammou154, E. Benhar Noccioli49, J.A. Benitez Garcia160b, D.P. Benjamin45, J.R. Bensinger23,
K. Benslama131, S. Bentvelsen106, D. Berge106, E. Bergeaas Kuutmann16, N. Berger5, F. Berghaus170, J. Beringer15,
C. Bernard22, P. Bernat77, C. Bernius78, F.U. Bernlochner170, T. Berry76, P. Berta128, C. Bertella84,
G. Bertoli147a,147b, F. Bertolucci123a,123b, C. Bertsche112, D. Bertsche112, M.I. Besana90a, G.J. Besjes105,
O. Bessidskaia147a,147b, M. Bessner42, N. Besson137, C. Betancourt48, S. Bethke100, W. Bhimji46, R.M. Bianchi124,
L. Bianchini23, M. Bianco30, O. Biebel99, S.P. Bieniek77, K. Bierwagen54, J. Biesiada15, M. Biglietti135a,
J. Bilbao De Mendizabal49, H. Bilokon47, M. Bindi54, S. Binet116, A. Bingul19c, C. Bini133a,133b, C.W. Black151,
J.E. Black144, K.M. Black22, D. Blackburn139, R.E. Blair6, J.-B. Blanchard137, T. Blazek145a, I. Bloch42,
C. Blocker23, W. Blum82,∗, U. Blumenschein54, G.J. Bobbink106, V.S. Bobrovnikov108, S.S. Bocchetta80, A. Bocci45,
C. Bock99, C.R. Boddy119, M. Boehler48, T.T. Boek176, J.A. Bogaerts30, A.G. Bogdanchikov108, A. Bogouch91,∗,
C. Bohm147a, J. Bohm126, V. Boisvert76, T. Bold38a, V. Boldea26a, A.S. Boldyrev98, M. Bomben79, M. Bona75,
M. Boonekamp137, A. Borisov129, G. Borissov71, M. Borri83, S. Borroni42, J. Bortfeldt99, V. Bortolotto135a,135b,
K. Bos106, D. Boscherini20a, M. Bosman12, H. Boterenbrood106, J. Boudreau124, J. Bouffard2,
E.V. Bouhova-Thacker71, D. Boumediene34, C. Bourdarios116, N. Bousson113, S. Boutouil136d, A. Boveia31,
J. Boyd30, I.R. Boyko64, J. Bracinik18, A. Brandt8, G. Brandt15, O. Brandt58a, U. Bratzler157, B. Brau85,
J.E. Brau115, H.M. Braun176,∗, S.F. Brazzale165a,165c, B. Brelier159, K. Brendlinger121, A.J. Brennan87,
R. Brenner167, S. Bressler173, K. Bristow146c, T.M. Bristow46, D. Britton53, F.M. Brochu28, I. Brock21, R. Brock89,
C. Bromberg89, J. Bronner100, G. Brooijmans35, T. Brooks76, W.K. Brooks32b, J. Brosamer15, E. Brost115,
J. Brown55, P.A. Bruckman de Renstrom39, D. Bruncko145b, R. Bruneliere48, S. Brunet60, A. Bruni20a, G. Bruni20a,
M. Bruschi20a, L. Bryngemark80, T. Buanes14, Q. Buat143, F. Bucci49, P. Buchholz142, R.M. Buckingham119,
A.G. Buckley53, S.I. Buda26a, I.A. Budagov64, F. Buehrer48, L. Bugge118, M.K. Bugge118, O. Bulekov97,
A.C. Bundock73, H. Burckhart30, S. Burdin73, B. Burghgrave107, S. Burke130, I. Burmeister43, E. Busato34,
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M. Dyndal38a, J. Ebke99, W. Edson2, N.C. Edwards46, W. Ehrenfeld21, T. Eifert144, G. Eigen14, K. Einsweiler15,
T. Ekelof167, M. El Kacimi136c, M. Ellert167, S. Elles5, F. Ellinghaus82, N. Ellis30, J. Elmsheuser99, M. Elsing30,
D. Emeliyanov130, Y. Enari156, O.C. Endner82, M. Endo117, R. Engelmann149, J. Erdmann177, A. Ereditato17,
D. Eriksson147a, G. Ernis176, J. Ernst2, M. Ernst25, J. Ernwein137, D. Errede166, S. Errede166, E. Ertel82,
M. Escalier116, H. Esch43, C. Escobar124, B. Esposito47, A.I. Etienvre137, E. Etzion154, H. Evans60, A. Ezhilov122,
L. Fabbri20a,20b, G. Facini31, R.M. Fakhrutdinov129, S. Falciano133a, R.J. Falla77, J. Faltova128, Y. Fang33a,
M. Fanti90a,90b, A. Farbin8, A. Farilla135a, T. Farooque12, S. Farrell15, S.M. Farrington171, P. Farthouat30,
F. Fassi136e, P. Fassnacht30, D. Fassouliotis9, A. Favareto50a,50b, L. Fayard116, P. Federic145a, O.L. Fedin122,j ,
W. Fedorko169, M. Fehling-Kaschek48, S. Feigl30, L. Feligioni84, C. Feng33d, E.J. Feng6, H. Feng88, A.B. Fenyuk129,
S. Fernandez Perez30, S. Ferrag53, J. Ferrando53, A. Ferrari167, P. Ferrari106, R. Ferrari120a, D.E. Ferreira de Lima53,
A. Ferrer168, D. Ferrere49, C. Ferretti88, A. Ferretto Parodi50a,50b, M. Fiascaris31, F. Fiedler82, A. Filipčič74,
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M. Garcia-Sciveres15, R.W. Gardner31, N. Garelli144, V. Garonne30, C. Gatti47, G. Gaudio120a, B. Gaur142,
L. Gauthier94, P. Gauzzi133a,133b, I.L. Gavrilenko95, C. Gay169, G. Gaycken21, E.N. Gazis10, P. Ge33d, Z. Gecse169,
C.N.P. Gee130, D.A.A. Geerts106, Ch. Geich-Gimbel21, K. Gellerstedt147a,147b, C. Gemme50a, A. Gemmell53,
M.H. Genest55, S. Gentile133a,133b, M. George54, S. George76, D. Gerbaudo164, A. Gershon154, H. Ghazlane136b,
N. Ghodbane34, B. Giacobbe20a, S. Giagu133a,133b, V. Giangiobbe12, P. Giannetti123a,123b, F. Gianotti30,
B. Gibbard25, S.M. Gibson76, M. Gilchriese15, T.P.S. Gillam28, D. Gillberg30, G. Gilles34, D.M. Gingrich3,d,
N. Giokaris9, M.P. Giordani165a,165c, R. Giordano103a,103b, F.M. Giorgi20a, F.M. Giorgi16, P.F. Giraud137,
D. Giugni90a, C. Giuliani48, M. Giulini58b, B.K. Gjelsten118, S. Gkaitatzis155, I. Gkialas155,l, L.K. Gladilin98,
C. Glasman81, J. Glatzer30, P.C.F. Glaysher46, A. Glazov42, G.L. Glonti64, M. Goblirsch-Kolb100, J.R. Goddard75,
J. Godlewski30, C. Goeringer82, S. Goldfarb88, T. Golling177, D. Golubkov129, A. Gomes125a,125b,125d,
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Departamento de Ingenieŕıa Electrónica and Instituto de Microelectrónica de Barcelona (IMB-CNM), University of
Valencia and CSIC, Valencia, Spain
169 Department of Physics, University of British Columbia, Vancouver BC, Canada
170 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
171 Department of Physics, University of Warwick, Coventry, United Kingdom
172 Waseda University, Tokyo, Japan
173 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
174 Department of Physics, University of Wisconsin, Madison WI, United States of America
175 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany



22

176 Fachbereich C Physik, Bergische Universität Wuppertal, Wuppertal, Germany
177 Department of Physics, Yale University, New Haven CT, United States of America
178 Yerevan Physics Institute, Yerevan, Armenia
179 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3),
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