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1 Introduction

Measurements of the production of W and Z bosons with associated high energy photons
provide important tests of the Standard Model (SM) of particle physics. The Wγ process is
directly sensitive to the triple gauge boson couplings predicted by the non-Abelian SU(2)L×
U(1)Y gauge group of the electroweak sector. The triple gauge boson couplings in the Zγ
process vanish in the SM at tree level. Physics beyond the SM such as composite structure
of W and Z bosons, new vector bosons, and techni-mesons would enhance production cross

– 1 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

sections and alter the event kinematics. Data taken with the ATLAS detector [1] provide
a new opportunity to study Wγ and Zγ production using the high energy pp collisions
provided by the Large Hadron Collider (LHC). Previous hadroproduction measurements
have been made at the Fermilab Tevatron collider by the CDF [2] and D0 [3] collaborations
using pp̄ collisions at

√
s = 1.96 TeV and at LHC by the CMS [4] collaboration.

Our studies use measurements of pp→ l±νγ +X and pp→ l+l−γ +X production at√
s = 7 TeV with an integrated luminosity of approximately 35 pb−1. Events are selected

by requiring the presence of a W or Z boson candidate along with an associated isolated
photon having a transverse energy ET > 15 GeV and separated from the closest electron
or muon l by ∆R(l, γ) > 0.7.1

The sources of the l±νγ and l+l−γ final states are Wγ → l±νγ and Zγ → l+l−γ

production, as well as QED final state radiation from inclusive W and Z production: W →
l±ν → l±νγ, Z → l+l− → l+l−γ (figure 1). The data also include events with photons
coming from hard fragmentation of a quark or gluon (see figure 2 for the case of lνγ). This
source, while reduced by the photon identification and isolation requirements, cannot be
neglected and is considered as a part of the signal process in the analysis presented here.
Throughout this document the label “Z” refers to Z/γ∗2 and the notations Wγ and Zγ

are used to denote the l±νγ and l+l−γ final states.

2 Monte Carlo simulations of standard model predictions for the Wγ

and Zγ signal and backgrounds

Monte Carlo (MC) event samples with full ATLAS detector simulation are used for com-
parisons of the data to the theoretical expectations for the Wγ and Zγ signals and various
backgrounds. In this section the details of the MC event generators are described.

Since next-to-leading-order (NLO) generators with parton shower simulation are not
available for the Wγ and Zγ signal processes, they are generated with a madgraph [5]
leading-order (LO) matrix-element generator interfaced to pythia [6] for gluon radiation
and hadronization, and photos [7] for photon radiation off the electron or muon in the
W and Z decay. The simulations of the signal processes using the madgraph generator
include interference effects between amplitudes, and effects from boson decay widths. The
matrix-element calculation uses the leading-order parton distribution function (PDF) sets
CTEQ6L1 [8], and the corresponding ATLAS MC tune 2009 [9]. Both the Wγ and Zγ

madgraph samples are generated with photon ET > 10 GeV and ∆R(l, γ) > 0.5.
Figure 1 illustrates the dominant sources of Wγ and Zγ events. The final state ra-

diation (FSR) from Wγ (Zγ) events are identified with a cut on the invariant mass of
the lepton-neutrino (opposite charged di-lepton) at the parton generator level. Those Wγ

(Zγ) events with m(lν) < 74 GeV (m(ll) < 85 GeV) are categorized as FSR. The remaining
1The nominal interaction point is defined as the origin of the coordinate system, while the anti-clockwise

beam direction defines the z-axis and the x − y plane is transverse to the beam direction. The positive

x-axis is defined as pointing from the interaction point to the centre of the LHC ring and the positive y-axis

is defined as pointing upwards. The azimuthal angle φ is measured around the beam axis and the polar

angle θ is the angle from the beam axis. The pseudorapidity is defined as η = −ln tan(θ/2). The distance

∆R in the η − φ space is defined as ∆R =
p

∆η2 + ∆φ2

2γ∗ denotes an off-shell photon.
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Figure 1. Feynman diagrams of Wγ and Zγ production in (a) u-channel (b) t-channel and (c)
final state photon radiation (FSR) from the W and Z boson decay process. (d) Feynman diagram
of Wγ production in the s-channel.
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Figure 2. Diagrams of the signal contributions from the W+q(g) processes when a photon emerges
from the fragmentation of the final state parton.
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events are identified as initial state radiation events (ISR). The Wγ and Zγ ISR events
include those with photon radiation from initial state quarks, and for Wγ production,
from the WWγ vertex(see figure 1 (d)). The division of the generated LO events into FSR
and ISR categories is needed in order to apply the higher order perturbative corrections
described below.

There are significant modifications to the LO electroweak Wγ and Zγ cross sections
due to QCD corrections, as in the case of inclusive W and Z boson production. To
introduce QCD corrections, our approach is to weight the fully simulated LO MC events
with NLO k-factors. NLO predictions considering both QED and QCD vertices (O(ααS))
are determined using the Baur program [10, 11], a matrix element parton generator with
complete next-to-leading-logarithm diagrams for Wγ and Zγ production using narrow
width approximations for the W and Z bosons. The NLO Baur calculations for Wγ and
Zγ di-boson production do not include FSR off the decay leptons. Therefore a k-factor kISR

determined by comparing the Born level and the NLO Baur MC calculations, is applied to
LO events identified as ISR as described above. For the FSR LO event weighting a kFSR is
determined using an inclusive W/Z NLO calculation with the assumption that inclusively
produced bosons have the same production dynamics as those with radiation off the decay
leptons. To suppress photon signal contributions from quark/gluon fragmentation [12] (see
figure 2 for the case of l±νγ) isolation cuts are applied to the photons selected in theWγ and
Zγ data and those from simulated quark/gluon fragmentation in the NLO generator. The
events used for the NLO k-factor calculation and for the theoretical cross section predictions
are generated with εh < 0.5, where εh is an isolation criterion at generation level. The
variable εh (εph) is used for the definition of isolated photons, at the parton (particle) level
and is defined as the ratio of the sum of energies carried by the partons (particles) emerging
from the quark/gluon fragmentation processes (excluding the photon) to the energy carried
by the fragmented photon. The isolation criteria are applied using an η − φ cone of 0.4
centered on the photon. With these isolation cuts the quark/gluon fragmentation photons
are estimated to contribute about 8% of the photons in the generated Wγ and Zγ events.

In comparing the data to SM signal predictions, the background processes considered
are W/Z+jets, W → τν, Z → ll (background for the Wγ), and tt̄. The backgrounds from
the production of single-top, direct single photon, dibosons (WW/WZ/ZZ) and QCD
multi-jets are found to be negligible. We use the powheg [13] generator to simulate the
tt̄ production, with pythia used to model parton showers. All other background sources
are simulated with pythia. For comparison to data, the cross sections for the background
processes are normalized to the results of higher order QCD calculations. All signal and
background samples were generated at

√
s = 7 TeV, and then processed with a geant4

simulation of the detector [14]. The MC samples are simulated with on average two primary
interactions but matched to data-taking conditions by weighting each event to obtain the
primary vertex multiplicity distribution observed in data.

3 The ATLAS detector

The ATLAS detector [1] consists of an inner tracking system (inner detector, or ID) sur-
rounded by a thin superconducting solenoid providing a 2 T axial magnetic field, elec-
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tromagnetic (EM) and hadronic calorimeters and by a muon spectrometer (MS). The
ID is composed of three subsystems. The pixel (closest to the beam axis and with the
highest granularity) and the silicon microstrip (SCT) detectors cover the pseudorapidity
range |η| < 2.5, while the Transition Radiation Tracker (TRT) has an acceptance range of
|η| < 2.0. The TRT provides identification information for electrons (and as a consequence
also for photons that convert to electron-positron pairs) by the detection of transition
radiation. The electromagnetic calorimeter is a lead liquid-argon (LAr) detector that is
divided into one barrel (|η| < 1.475) and two end-cap components (1.375 < |η| < 3.2).
The calorimeter consists of three longitudinal layers with the first (strip) having the high-
est granularity in the η direction, and the second collecting most of the electromagnetic
shower energy. A thin presampler layer covering the range |η| < 1.8 is used to correct for
the energy lost by EM particles upstream of the calorimeter. The transition region between
the calorimeter and end-cap (1.37 < |η| < 1.52) is omitted for the detection of electrons
and photons in this analysis. The hadronic calorimeter system, which surrounds the elec-
tromagnetic calorimeter, is based on two different detector technologies, with scintillator
tiles or LAr as the active media, and with either steel, copper, or tungsten as the absorber
material. The MS is based on three large superconducting aircore toroid magnets, a system
of three stations of chambers for precise tracking measurements in the range |η| < 2.7, and
a muon trigger system which extends to the range |η| < 2.4.

The ATLAS detector has a three-level trigger system. The first level trigger is largely
based on custom built electronics that examine a subset of the total detector information
to decide whether or not to record each event, reducing the data rate to below the design
value of approximately 75 kHz. The subsequent two trigger levels run on a processor farm
and look at more detector information with greater precision. They provide the reduction
to a final data-taking rate designed to be approximately 200 Hz.

4 Data samples

Events in this analysis were selected by triggers requiring at least one identified electron or
muon candidate. The electron and muon trigger configurations changed during the data
taking period in order to keep up with the increasing instantaneous luminosity delivered
by the LHC. The strictest trigger selection criteria were applied in the last data taking
period where leptons reconstructed at the third level of the trigger system were required to
have ET > 15 GeV (electrons) and pT > 13 GeV (muons). Application of beam, detector,
and data-quality requirements resulted in a total integrated luminosity of 35.1 pb−1 (33.9
pb−1) for the events collected with the electron (muon) trigger. The uncertainty on the
absolute luminosity determination is 3.4 % [15, 16].

5 Reconstruction and selection of Wγ and Zγ candidates

In this analysis the Wγ final state consists of an isolated electron or muon, large missing
transverse energy due to the undetected neutrino, and an isolated photon. The Zγ final
state contains one pair of e+e− or µ+µ− leptons and an isolated photon. Collision events
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are selected by requiring at least one reconstructed primary vertex consistent with the
average beam spot position and with at least three associated tracks. The efficiency to
reconstruct the primary vertex for Wγ and Zγ events is 100%. The selection criteria for
electrons, muons and transverse energy follow closely those used for the W and Z boson
inclusive cross section analysis [17]. The selection criteria for the photon are similar to
those used for the analysis of inclusive photon production [18].

5.1 Reconstruction of electrons, muons, photons and missing transverse en-
ergy

The muon candidates are reconstructed by associating the muon tracks in the MS to the
tracks in the ID [17]. The combined track parameters of the muon candidates are derived
using a statistical approach based on their respective errors. The selected muon candidate
is a combined track from the primary vertex with pT > 20 GeV and |η| < 2.4, and is
isolated by requiring that the summed pT of the tracks in a 0.4 radian cone around the
muon candidate is less than 20% of the muon pT. The pT measured by the MS alone
must be greater than 10 GeV. A quality cut based on the difference in the pT measured
independently in the ID and MS is applied to improve the purity of the muon candidates.
To ensure a high quality track of the combined muon candidate, a minimum number of
hits in the ID is required [19]. For the Wγ measurement in the muon channel, at least one
muon candidate is required in the event, whereas for the Zγ measurement, the selected
events must have exactly two oppositely charged muon candidates.

The electron candidates are reconstructed from an electromagnetic calorimeter clus-
ter associated with a reconstructed charged particle in the ID. The electron identification
algorithm, which only considers electron candidates in the range |η| < 2.47 and excluding
the region 1.37 < |η| < 1.52, combines calorimeter and tracking information and pro-
vides three reference sets of selections (“loose”, “medium” and “tight”) with progressively
stricter identification criteria and stronger jet rejection [17]. For the “medium” selection,
information about the shower shape and width of the cluster, the quality of the associated
track, and the cluster/track matching, as well as the energy deposited in the hadronic
calorimeter are used for the identification. The “tight” selection uses in addition the ratio
of cluster energy to track momentum, the particle identification potential of the TRT and
stricter track quality requirements to further reject charged hadrons and electrons from
photon conversions [17]. A set of cuts on these discriminating variables are identified to
maximize the background rejection while keeping a high electron signal efficiency. Such
cuts are determined for different pseudorapidity and ET regions to maintain a high electron
efficiency across the detector and over the electron transverse energy range. The selection
of Zγ events requires two oppositely charged “medium” electrons with ET > 20 GeV. For
the Wγ selection one “tight” electron is required in the event with ET > 20 GeV. The
event is rejected if there is an additional “medium” electron candidate present that passes
the same kinematic cuts.

The photon candidates use clustered energy deposits in the EM calorimeter in the
range |η| < 2.37 (excluding the region 1.37 < |η| < 1.52) and with ET > 15 GeV. As
for electrons, the photon identification is based on discriminating variables computed from
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calorimeter information which provides a good separation of signal from background. In
particular the high granularity of the first (strip) layer in the η direction that covers up
to |η| < 2.4, provides a very effective discrimination between single photon and multiple-
photon showers produced in meson (e.g. π0, η) decays. A set of cuts on these discriminating
variables is identified for different pseudorapidity regions. The cuts are applied separately
for converted and unconverted photons to account for the wider shower shapes of the
former due to the opposite bending of the two legs from the conversion in the solenoid
magnetic field. To further reduce the background due to photons from π0 and η decays,
an isolation requirement of Eiso

T < 5 GeV is applied. Eiso
T is the total transverse energy

recorded in the calorimeter (of both electromagnetic and hadronic systems) in a cone of
radius ∆R = 0.4 around the photon direction (excluding a small window of 0.125×0.175 in
the η−φ space which contains the photon energy deposit). Eiso

T is corrected for the leakage
of the photon energy into the isolation cone and the contributions from the underlying and
pile-up activities in the event [18].

The reconstruction of the missing transverse energy (Emiss
T ) follows the definition in

ref. [17]. The Emiss
T calculation is based on the energy deposits of calorimeter cells inside

three-dimensional clusters. Corrections for hadronic to electromagnetic energy scale, dead
material, out-of-cluster energy as well as muon momentum for the muon channel are ap-
plied. Events that have sporadic calorimeter noise and non-collision backgrounds, which
can affect the Emiss

T reconstruction, are removed [20].

5.2 Event selection

In addition to the presence of one high pT lepton and one high ET isolated photon, Wγ

candidates are required to have Emiss
T > 25 GeV and the transverse mass of the lepton-

Emiss
T system mT(l, ν) > 40 GeV, where mT(l, ν) =

√
2pT(l) · Emiss

T · (1− cos ∆φ), and ∆φ
is the azimuthal separation between the directions of the lepton and the missing transverse
energy vector. For Zγ candidates, the invariant mass of the two opposite charged leptons
(ml+l−) is required to be greater than 40 GeV. In both Wγ and Zγ analyses, a ∆R(l, γ) >
0.7 cut is applied to suppress the contributions from FSR photons in the W and Z boson
decays. A total of 192 Wγ candidates (95 in the electron and 97 in the muon channel) and
48 Zγ candidates (25 in the electron and 23 in the muon channel) pass all the requirements.

5.3 Kinematic distributions of event candidates

The distributions of kinematic variables from the data are compared to signal plus back-
ground expectations using the combined electron and muon channels for the selected Wγ

and Zγ event candidates. The distributions of the photon ET, ∆R between lepton and pho-
ton, the two body transverse mass mT(l, ν) and the three body transverse mass mT(l, ν, γ)
of Wγ candidates are shown in figure 3. The three body transverse mass, mT(l, ν, γ), is
defined in Equation (5.1) [10]

m2
T(l, ν, γ) =

(√
M2
lγ + |~pT(γ) + ~pT(l)|2 + Emiss

T

)2

−
∣∣∣~pT(γ) + ~pT(l) + ~Emiss

T

∣∣∣2 (5.1)

where Mlγ is the invariant mass of the lepton-photon system. In the photon distribution
(figure 3a) the data show a slight excess over expectation at high EγT. However the excess
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Figure 3. Distributions for the combined electron and muon decay channels of the photon trans-
verse energy (a), ∆R between lepton and photon (b), two body transverse mass (mT(l, ν)) (c) and
three body transverse mass (mT(l, ν, γ)) (d) of the Wγ candidate events. MC predictions for signal
and backgrounds are also shown.

is not significant as there are 9 observed events for EγT > 85 GeV and we expect about
5 events.

The distributions of the three body invariant mass ml+l−γ and the two-dimensional
plots of ml+l−γ vs ml+l− for the Zγ candidates are shown in figure 4. The data points
are compared to the sum of the NLO SM predictions for the Wγ and Zγ plus the various
background contributions. All backgrounds, except the W+jets for the Wγ analysis, are
estimated from simulation and normalized with the predicted NLO cross section values.
For the W+jets contribution, the shape of the background is taken from simulations while
the absolute normalization is determined from a data-driven method described in section 7.

6 Efficiency estimation

6.1 Trigger efficiency

The performance of the electron high pT trigger has been measured with data and found
to be 99±1% efficient for both “medium” and “tight” electrons with ET > 20 GeV, with
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Figure 4. (a) Three body invariant mass ml+l−γ distribution for Zγ data candidate events. MC
predictions for signal and backgrounds are also shown. (b) Two-dimensional plots of ml+l−γ vs
ml+l− for Zγ data candidate events. The MC signal prediction is also shown. Both the electron
and muon decay channels are included.

negligible η and ET dependence [17]. The efficiency of the muon trigger is also measured
with data, using Z → µ+µ− events [19]. The overall efficiencies to trigger on the Wγ and
Zγ events, in the muon decay channel, are 86.2± 0.5% and 97.5± 0.2% respectively. The
electron (muon) trigger efficiency is measured with respect to an electron (muon) candidate
which has passed the offline selection cuts. The muon trigger efficiency is lower than the
electron trigger efficiency due to limited coverage of the trigger chambers.

6.2 Lepton identification efficiency

The electron identification efficiency εID
e is defined as the probability of electrons in signal

events reconstructed within the kinematic and geometric requirements to pass the identi-
fication quality cuts [17]. The efficiency for the “tight” selection in Wγ events is 73±4%.
For the “medium” selection in Zγ events, the efficiency is 92±2% and 87±3% for the lead-
ing and sub-leading electron, respectively. These efficiencies are evaluated from signal MC
events with scale factors applied to correct for discrepancies with data. The scale factors
are obtained by comparing the electron efficiency in MC to an in situ electron efficiency
measured in data from unbiased probe electrons selected together with a well identified
tag electron in Z → e+e− candidate events, and from unbiased probe electrons in selected
W → eν candidate events with large and isolated Emiss

T recorded by the Emiss
T trigger. The

uncertainties on εID
e account for background contamination in the unbiased probe electron

sample, and the potential bias from tag requirements of the in situ efficiency measure-
ment. The results of the two in situ efficiency measurements from Z → ee and W → eν

are combined with weights proportional to their uncertainties.
Unbiased muons from Z → µ+µ− candidate events are used to cross check the muon

identification efficiency εID
µ calculated with the MC signal sample [17, 19]. The single

muon identification efficiency for the Wγ and Zγ analyses is estimated to be 89 ± 1%.
The muon momentum scale and resolution are studied by comparing the mass distribution
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of Z → µ+µ− in data and MC [17]. The uncertainty in the acceptance of the Wγ (Zγ)
signal events due to the uncertainties in the corrections of the muon momentum scale and
resolution of the MC is ∼ 0.3% (∼ 0.5%).

6.3 Photon identification efficiency

The photon identification efficiency, εID
γ , is defined as the probability of photons in signal

events, reconstructed within the kinematic and geometric acceptance to pass the photon
identification requirements. The photon identification efficiency is determined from Wγ

and Zγ MC samples where the discriminating variable distributions are corrected (by
simple shifts) to account for observed discrepancies between data and simulation. Correc-
tions for each discriminating variable are calculated separately for photons in the range
|η| < 1.8 and |η| > 1.8. This separation is motivated by the significantly larger discrep-
ancies observed in the high pseudorapidity region where the amount of material in front
of the calorimeter is known less well. The data/simulation corrections are determined by
comparing the discriminating variable distributions for photons in signal MC samples and
candidate photons in Wγ data events (before the isolation requirement). The impact of the
corrections on the photon identification efficiency is -3% (-5%) resulting in an estimated
εID
γ of 71% (67%) for photons in the range |η| < 1.8 (|η| > 1.8). The main source of

systematic uncertainty comes from the knowledge of the upstream material. A dedicated
simulated sample that includes additional material in the inner detector and in front of
the electromagnetic calorimeter was used to assess the impact of a different account of
material budget on the photon identification efficiency. The resulting uncertainty on εID

γ

is 6.3% (7.5%) for photons in the range |η| < 1.8 (|η| > 1.8). Other sources of uncertainty
arise from the simple shift approximation for the data/simulation corrections (3%), from
the discriminating variable distribution bias due to background contamination in the Wγ

photon candidate data sample (4%), and from inefficiencies in the reconstruction of photon
conversions (2%). Since only prompt photons are present in the Wγ and Zγ MC samples,
the efficiency of the fragmentation photon component is calculated using an alpgen [21]
“W + 1 jet” fully simulated sample by selecting events with a high ET photon produced in
the jet fragmentation. The fractional contribution of fragmentation photons to the total
cross section is estimated by the Baur NLO generator (see section 1) to be 8%. Since there
is a large uncertainty on the fragmentation photon contribution to the Wγ and Zγ cross
sections, a conservative error of 100% is considered on such an estimate which leads to an
additional 3% uncertainty on the photon identification efficiency.

Taking into account all the contributions, the overall uncertainty on the photon recon-
struction and identification efficiency is then estimated to be 10.2% (13.0%) for photons in
the range |η| < 1.8 (|η| > 1.8).

6.4 Photon isolation efficiency

The efficiency, εiso
γ , of the photon isolation requirement is estimated with the signal Wγ

and Zγ MC and cross checked with data using electrons from the Z → e+e− sample (after
taking into account the differences between the electromagnetic showering of electrons and
photons). The resulting photon isolation efficiency, within its systematic uncertainty, is
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found to be consistent with the one derived from the signal MC. The systematic uncer-
tainties for εiso

γ are due to the background contamination in the electron sample (1%), the
shape differences of the Eiso

T distribution between electrons and photons (0.6%), and the
differences in pT spectrum between electrons and photons (1.5%). As for the photon iden-
tification efficiency, the εiso

γ for the fragmentation components is obtained from an alpgen

“W + 1 jet” fully simulated sample and an additional 3% uncertainty is quoted to account
for the uncertainty on the fragmentation photon contribution. The overall εiso

γ is 95% with
a total estimated uncertainty of 3.3%.

7 Background determination and signal yield

The dominant sources of background for this analysis are from W (Z)+jets events where
photons from the decay products of mesons produced by the jet fragmentation (mainly
π0 → γγ) pass the photon selection criteria. Since the fragmentation functions of quarks
and gluons into hadrons are poorly constrained by experiments, these processes are not well
modeled by W+jets MC simulations. For the Wγ analysis the amount of this background
is estimated from ATLAS data while for the Zγ analysis, due to the limited statistics,
a MC based estimation is performed and a large uncertainty of 100% is assigned. Ad-
ditional backgrounds from other processes, such as W → τν, tt̄, and Z → e+e−(µ+µ−)
(misidentified as Wγ) for the Wγ analysis, and tt̄ and Z+jets for the Zγ analysis will be
referred to collectively as “EW+tt̄ background” and their contribution is estimated from
MC simulation.

The background from mesons decaying to photons is determined directly from the
selected Wγ events using a two-dimensional sideband method. This allows the extraction
of the Wγ signal yield directly from data. Although currently limited in statistics, this
method is preferred over use of average photon background estimates from high statistics
jet trigger data samples because of the very different probability for gluon and quark
initiated jets to pass the photon identification criteria (estimated to be different by one
order of magnitude [22]), and the poor knowledge of the quark to gluon ratio between jets
in W+jets events and generic inclusive jet production.

The two variables used for the sideband method are Eiso
T and the identification “qual-

ity” of the photon candidate. Three control regions are defined to estimate the amount
of W+jets background in the signal region (see figure 5). The signal yield of the selected
Wγ sample is extracted by simply subtracting from the number of candidate events the
amount of background in the signal region NA. This can be determined by studying the
background in the three control regions with the assumption that for the background the
ratio of isolated to non-isolated events in the sample passing the photon identification cri-
teria (NB/NA) is the same as in the sample passing the “low quality” identification criteria
(ND/NC). Finally the backgrounds in the control regions are taken directly from the num-
ber of observed events in data. Corrections are applied to subtract the contribution in
these regions from signal events (estimated from MC to be around 10% in region C, few
percent in region B, and to be negligible in region D) and the contribution from “EW+tt̄
background” (of the order of 10% in all three regions).
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Figure 5. Sketch of the two-dimensional plane defining the 4 regions used in the sideband method.
Region A is the signal region. The non-isolated control regions (B and D) are defined for photons
with Eiso

T > 6 GeV. The “low quality photon identification” control regions (C and D) include pho-
tons passing all the identification criteria except the strip layer discriminating variable requirements
(see section 5.1).

Process Observed EW+tt̄ W+jets Extracted
events background background signal

Nobs(Wγ → e±νγ) 95 10.3± 0.9± 0.7 16.9± 5.3± 7.3 67.8± 9.2± 7.3
Nobs(Wγ → µ±νγ) 97 11.9± 0.8± 0.8 16.9± 5.3± 7.4 68.2± 9.3± 7.4

Process Observed EW+tt̄ Extracted
events background signal

Nobs(Zγ → e+e−γ) 25 3.7± 3.7 21.3± 5.8± 3.7
Nobs(Zγ → µ+µ−γ) 23 3.3± 3.3 19.7± 4.8± 3.3

Table 1. Numbers of the total observed candidate events, estimated number of background and
estimated number of signal events for the pp → l±νγ + X and pp → l+l−γ + X selected samples.
Where two uncertainties are quoted the first is statistical and the second represents an estimate
of systematics. Statistical errors in MC predictions are treated as a systematic in the propagation
of uncertainties on the W+jets background and the extracted signal. The W+jets background
contribution is estimated from ATLAS data with a two-dimensional sideband method. For the
pp→ l+l−γ +X process the uncertainty on the MC based background estimate is 100%.

The W+jets background contribution as estimated by this data-driven method is re-
ported in table 1. In the same table the estimated Wγ signal yield as well as the total
background and signal yield for the Zγ analysis are shown. The effective purity, P , of the
Wγ (Zγ) sample, defined as the fraction of signal in the selected events (after the subtrac-
tion of the “EW+tt̄ background” contribution), is calculated to be around 80% (85%).

The accuracy of the W+jets background determination with the two-dimensional side-
band method has been carefully assessed. The uncertainty related to the definition of the
control regions is determined by studying the impact of possible variations of their defi-
nitions. For the non-isolated control regions (B and D) the lower boundary of 6 GeV has
been shifted by ±1 GeV, probing different mixtures of background and Wγ signal event
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Figure 6. Photon isolation distribution for photon candidates in the Wγ (a) and in the Zγ (b)
data events (points). The shape of the predicted W+jets background is taken from the data photon
isolation distribution of events in the control regions C-D while the normalization is determined
by the two-dimensional sideband data-driven method. The predicted contributions from the other
backgrounds and from the signal are taken from MC.

contamination. For the “low quality” photon identification control regions (C and D) two
alternative choices of strip layer discriminating variable criteria are tested. These changes
of control region definitions lead to respectively a 4% and a 9% variation of the effective pu-
rity estimate. The contamination from Wγ signal events in the control regions is strongly
correlated with the photon identification efficiency in the signal region (an overestimate
of the latter induces an underestimate of the former). Shifting the discriminating variable
distributions of the signal MC in a way similar to the one described in section 6.3 results
in an impact on the effective purity estimation of the order of 3%. Finally, the accuracy
on the assumption that the correlations between the two-dimension variables (namely the
energy isolation and the photon identification quantities) are negligible for background
events has been evaluated by applying the same method to background samples extracted
from W+jets MC events. The corresponding purities are all found to be compatible with
zero and their values are used to determine the systematic uncertainty associated to the
method, estimated to be 3%. For the “EW+tt̄ background” estimation, the corresponding
NLO theoretical cross section uncertainty (between 6% to 7% depending on the process)
and the luminosity uncertainty (3.4%) are used.

In figure 6a (6b), the Eiso
T distribution of photon candidate events in the Wγ (Zγ)

combined sample is shown along with the predicted contributions for the background.

8 Cross section measurements and comparison to theoretical calculations

8.1 Fiducial cross section measurement for Wγ and Zγ

The measurements for the fiducial cross sections for the processes pp → l±νγ + X and
pp→ l+l−γ +X can be expressed as

σfid
pp→l±νγ(l+l−γ) =

N sig
Wγ(Zγ)

CWγ(Zγ) · LWγ(Zγ)
(8.1)

– 13 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

Fiducial phase space

e±νγ e+e−γ µ±νγ µ+µ−γ

ElT(plT) EeT > 20 GeV EeT > 20 GeV pµT > 20 GeV pµT > 20 GeV

pνT > 25 GeV - pνT > 25 GeV -

ηl 0 < |ηe| < 1.37 0 < |ηe| < 1.37 |ηµ| < 2.4 |ηµ| < 2.4

or or

1.52 < |ηe| < 2.47 1.52 < |ηe| < 2.47

Boson cut mT > 40 GeV mee > 40 GeV mT > 40 GeV mµµ > 40 GeV

EγT > 15 GeV

Photon 0 < |ηγ | < 1.37 or 1.52 < |ηγ | < 2.37

∆R(l, γ) > 0.7

εph < 0.5

Phase space for production cross section

e±νγ e+e−γ µ±νγ µ+µ−γ

Boson mee > 40 GeV mµµ > 40 GeV

EγT > 15 GeV

Photon ∆R(l, γ) > 0.7

εph < 0.5

Table 2. Definition of the fiducial phase space at the particle level, where the measurements are
performed and the extended phase space (common to all measurements), where the production
cross sections are evaluated. εph is defined in section 2.

where

� N sig
Wγ and N sig

Zγ denote the number of background-subtracted signal events passing the
selection criteria of the analyses in the Wγ and Zγ channels. The N sig values for
both Wγ and Zγ processes are given in table 1.

� LWγ and LZγ denote the integrated luminosities for the channels of interest.

� CWγ and CZγ are correction factors and denote the probability for events generated
within the fiducial region of the phase-space (as defined in table 2) to pass the final
selection requirements.

The correction factors CWγ(Zγ) include all trigger efficiencies, selection efficiencies and
reconstruction efficiencies of the photon and leptons.

CWγ = εWγ
event · εID

lep · ε
Wγ
trig · ε

ID
γ · εiso

γ · αWγ
reco (8.2)

CZγ = εZγevent · (εID
lep)2 · εZγtrig · ε

ID
γ · εiso

γ · αZγreco (8.3)

where
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� εWγ
trig and εZγtrig denote the probability of Wγ and Zγ events to be recorded by the

electron or muon trigger.

� εWγ
event and εZγevent denote event selection efficiencies (including efficiency of primary

vertex requirement).

� εID
lep denotes lepton identification efficiency.

� εID
γ denotes photon identification efficiency.

� εiso
γ denotes photon isolation efficiency.

� αWγ
reco and αZγreco account for all differences observed between the efficiencies of applying

the kinematic and geometrical cuts at generator level and reconstruction level. Their
values are not closed to 100% mainly due to acceptance loss of the electron and photon
reconstruction caused by some inoperative readouts in the electromagnetic calorime-
ter, reconstruction efficiencies of the leptons and photon, and the detector resolution
on the lepton transverse momenta/energies and on the missing transverse energy.

The central values of the correction factors CWγ and CZγ are computed using Wγ and
Zγ signal MC samples, with scale factor corrections to account for discrepancies in trigger,
lepton and photon selection efficiencies between data and MC, as described in section 6.
The central values of the correction factors CWγ (CZγ) of both electron and muon channels
together with their components are given in table 3.

The breakdown of the uncertainties on CWγ and CZγ is reported in table 4 and 5. The
uncertainties related to the efficiency components of CWγ and CZγ have been discussed in
section 6. Other sources of uncertainties include:

� The impact of the EM energy scale uncertainty is evaluated by propagating the EM
energy scale uncertainties to the number of accepted Wγ and Zγ events. The EM
energy scale uncertainty, after applying in situ data driven calibration to correct for
cluster energies of photon and electron clusters, is quoted to be 1% in the barrel
region, and 3% in the endcap region.

� The muon momentum scale and resolution are studied by comparing the mass dis-
tribution of Z → µ+µ− in data and MC simulations [17]. The uncertainty in the
acceptance of the Wγ (Zγ) signal events due to the uncertainties in the corrections of
the muon momentum scale and resolution of the MC simulations is ∼ 0.3% (∼ 0.5%).

� The acceptance loss from a few inoperative optical links of the calorimeter readout is
evaluated from the signal MC. The imperfect modeling of this acceptance loss need
to be considered in the systematics uncertainty of CWγ and CZγ . This uncertainty
is estimated to be about 0.7% for a single (e/γ) object.

� The experimental uncertainty arising from the transport of low-energy
bremsstrahlung photons through the detector material and the response of the
electromagnetic calorimeter is estimated to be less than 0.3% [17].
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pp→ e±νγ pp→ µ±νγ pp→ e+e−γ pp→ µ+µ−γ

εevent 100% 100% 100% 100%

εevent
trig 99% 86% 100% 98%

εID
lep 73% 89% 90% 88%

εID
γ 70% 71% 70% 70%

εiso
γ 95% 96% 96% 96%

αreco 75% 87% 53% 85%

CV γ 36% 46% 28% 43%

Table 3. Efficiency factors per lepton and αreco, which enter the calculation of the correction
factors CV γ (where V denotes W or Z boson) for both lepton channels. The trigger efficiencies
are measured from data. The other efficiencies are determined from MC simulation and have been
validated with data, as described in section 6. A detailed summary of the various contributions
entering the uncertainty on CV γ is given in table 4 and 5.

� The main uncertainty on the scale of the missing transverse energy is determined
from a variation of the response of cells in topological clusters. Other sources of
uncertainty, namely the imperfect modelling of the overall Emiss

T response (e.g. from
low energy hadrons) and resolution, of the underlying event and pile-up effects are
also considered. The overall impact on CWγ is 2% [17].

All the quantities needed to calculate the cross sections defined in Equation (8.1), along
with their uncertainties, are tabulated in table 6. Using these numbers, the measured fidu-
cial cross sections for the pp→ l±νγ +X and pp→ l+l−γ +X processes are determined.
The results are presented in table 7 and also illustrated in figure 7. MC statistical un-
certainties are included as part of the cross sections systematics. The most significant
systematic uncertainties in both measurements arise from the background estimation and
the efficiencies of photon identification and isolation.

8.2 Production cross section measurement for Wγ and Zγ

The production cross sections for the Wγ and Zγ processes are defined for the full decay
phase space of the W and Z bosons and for photons with EγT > 15 GeV, ∆R(l, γ) > 0.7 and
εph < 0.5. These cross sections can be derived from fiducial cross sections by extrapolation
from the fiducial phase space to the extended phase space, where production cross sections
are defined. The definition of the production cross sections is shown in Equation (8.4).

σpp→l±νγ(pp→l+l−γ) =
σfid
pp→l±νγ(pp→l+l−γ)

AWγ(Zγ)
(8.4)

The acceptance factors AWγ and AZγ are defined as the fraction of weighted events in
the W (Z) + γ LO MC sample, generated within the phase space of the production cross
section, that satisfy the geometrical and kinematic constraints of the fiducial cross section

– 16 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

Parameter δCWγ

CWγ

δCZγ
CZγ

δ(CWγ

CZγ
)/CWγ

CZγ

Channel e±νγ e+e−γ Electron

Trigger efficiency 1% 0.02% 1%

Electron efficiency 4.5% 4.5% 4.5%

Photon efficiency 10.1% 10.1% -

EM scale and resolution 3% 4.5% 1.5%

Emiss
T scale and resolution 2% - 2%

Inoperative readout modeling 1.4% 2.1% 0.7%

Photon simulation modeling 0.3% 0.3% 0.3%

Photon isolation efficiency 3.3% 3.3% -

Total uncertainty 12.1% 12.5% 5.3%

Table 4. Summary of the different terms contributing to the uncertainty on CWγ and CZγ for the
electron final state. The decomposition has been made such that correlations between the various
contributions are negligible.

Parameter δCWγ

CWγ

δCZγ
CZγ

δ(CWγ

CZγ
)/CWγ

CZγ

Channel µ±νγ µ+µ−γ Muon

Trigger efficiency 0.6% 0.2% 0.6%

Muon efficiency 0.5% 1% 0.5%

Muon isolation efficiency 1% 2% 1%

Momentum scale and resolution 0.3% 0.5% 0.2%

Photon efficiency 10.1% 10.1% -

EM scale and resolution 4% 3% 1%

Emiss
T scale and resolution 2% - 2%

Inoperative readout modeling 0.7% 0.7% -

Photon simulation modeling 0.3% 0.3% 0.3%

Photon isolation efficiency 3.3% 3.3% -

Total uncertainty 11.6% 11.2% 2.6%

Table 5. Summary of the different terms contributing to the uncertainty on CWγ and CZγ for the
muon final state. The decomposition has been made such that correlations between the various
contributions are negligible.

as shown in table 2. The weight of the LO MC events is from QCD NLO correction k-
factors, which also include contributions from fragmentation components as described in
section 2.
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Central Statistical Systematic Luminosity

value uncertainty uncertainty uncertainty

pp→ e±νγ

N sig
Wγ 67.8 9.2 7.3 -

LWγ [pb−1] 35.1 - - 1.2

CWγ 0.359 0.010 0.043 -

AWγ 0.131 0.001 0.006 -

pp→ e+e−γ

N sig
Zγ 21.3 5.8 3.7 -

LZγ [pb−1] 35.1 - - 1.2

CZγ 0.280 0.010 0.035 -

AZγ 0.220 0.002 0.015 -

pp→ µ±νγ

N sig
Wγ 68.2 9.3 7.4 -

LWγ [pb−1] 33.9 - - 1.2

CWγ 0.455 0.010 0.053 -

AWγ 0.134 0.001 0.006 -

pp→ µ+µ−γ

N sig
Zγ 19.7 4.8 3.3 -

LZγ [pb−1] 33.9 - - 1.2

CZγ 0.429 0.010 0.048 -

AZγ 0.242 0.002 0.016 -

Table 6. Summary of input quantities for the calculation of the Wγ and Zγ fiducial and pro-
duction cross sections. For each channel, the observed numbers of signal events after background
subtraction, the correction factors CWγ(Zγ), the acceptance factors AWγ(Zγ) (see section 8.2), and
the integrated luminosities are given, with their statistical, systematic, and luminosity uncertain-
ties. For CWγ(Zγ) and AWγ(Zγ), the statistical uncertainty reflects the limited statistic of the signal
MC samples.

The systematic uncertainties on the acceptances are dominated by the limited knowl-
edge of the proton PDFs. These are evaluated by comparing the acceptances obtained
by adopting different PDF sets (including CTEQ6L1 [8], HERAPDF1.0 [23] and MRST
LO* [24]). Other contributions are the uncertainties due to the NLO correction of Wγ and
Zγ production, which is derived from the difference between the Born level acceptance and
acceptance in Baur NLO simulations. The overall relative systematic uncertainty on AWγ

(AZγ) is 4.5% (6.7%), the relative systematic uncertainty for the AWγ/AZγ ratio is 4%.
The measured production cross sections for the pp → e±νγ + X, pp → µ±νγ + X,

pp→ e+e−γ +X and pp→ µ+µ−γ +X processes are summarized in table 7.
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Assuming lepton universality for the W and Z-boson decays, the measured cross sec-
tions in the two channels can be combined to reduce the statistical uncertainty. The combi-
nation of electron and muon channels in the production cross section measurement is based
on the assumption that the uncertainties on the integrated luminosity, on the acceptance
correction factors, on the background estimation, and on photon reconstruction, identifi-
cation, and isolation efficiency are fully correlated. All systematic uncertainties related to
lepton efficiencies (i.e. trigger and lepton identification efficiencies) are uncorrelated. The
resulting total cross sections for pp→ l±νγ +X and pp→ l+l−γ +X processes using the
combined electron and muon channels are summarized in table 7 and plotted in figure 7
with a comparison to SM predictions.

8.3 The ratio of the Wγ to Zγ cross sections

The ratio of the Wγ to Zγ cross sections, as defined in Equation (8.5), can be measured
with a higher relative precision than the individual cross sections since both experimental
and theoretical uncertainties partially cancel. This ratio is a test of the WWγ triple gauge
coupling predicted by the SM.

R =
σpp→l±νγ
σpp→l+l−γ

(8.5)

In terms of the experimental quantities defined in the previous sections, the ratio R can be
written as:

R =
N sig
Wγ

N sig
Zγ

·
CZγ
CWγ

·
AZγ
AWγ

(8.6)

The uncertainty on the ratio of the correction factors CZγ
CWγ

is evaluated separately for
the electron and the muon channels, as shown in table 4 and 5. The uncertainties on
the ratio of the acceptance factors AZγ

AWγ
have already been discussed in section 8.2. The

uncertainties on N sig
Wγ and N sig

Zγ , as shown in table 1, are considered as uncorrelated in the
ratio measurement. The measured ratios R in the fiducial phase space and in the total
phase space are shown in table 8 and also illustrated in figure 8.

8.4 Comparison to theoretical calculation

The Standard Model predictions for the Wγ and Zγ fiducial and production cross sections
(as defined in section 8.1) are given in table 7. The uncertainty on the cross section
predictions includes the following:

� The PDF uncertainty is estimated using the MSTW 08 NLO PDF error eigenvec-
tors [25] at the 90% C.L. limit, and variations of αs in the range from 0.1145 to 0.1176.

� Renormalisation and factorisation scale uncertainty: this uncertainty is estimated
by varying the renormalisation and factorisation scale by factors of two around the
nominal scales.

� An additional 3% error is included to account for the approximation of using the
W/Z inclusive k-factor kFSR for the W (Z)γ.
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Figure 7. The measured inclusive Wγ and Zγ production cross sections together with SM pre-
diction. Results are shown for the electron and muon final states as well as for their combination.
The inner error bar represents the statistical uncertainties and the outer represents the total un-
certainties (statistical, systematic and luminosity). All uncertainties are added in quadrature. The
one standard deviation uncertainty in the SM prediction is represented by the vertical band.

� Another source of uncertainty accounts for the possible discrepancy between the
photon isolation at the particle level and at the parton level. Photon isolation at the
parton level (εh), which is implemented in the Baur NLO program as introduced in
section 4, is used in the calculation of the Standard Model production cross section
predictions. The photon isolation criteria at the particle level (εph) is used in the
acceptance calculation. This uncertainty is estimated to be 4% by studying the
impact on the cross section predicted by the Baur NLO generator of a 100% variation
of the εh parameter.

The measured and predicted fiducial and production cross sections of the pp→ l±νγ+
X and pp→ l+l−γ+X processes together with their ratio are shown in table 7 and table 8.

9 Summary

The production processes pp→ l±νγ+X and pp→ l+l−γ+X have been studied at
√
s = 7

TeV using ∼ 35 pb−1 of data collected with the ATLAS detector. The measured fiducial
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Figure 8. The measured ratio of the production cross sections of Wγ and Zγ, together with SM
prediction. Results are shown for the electron and muon final states as well as for their combination.
The error bars represent the statistical and the total uncertainties. All uncertainties are added in
quadrature. The one standard deviation uncertainty in the SM prediction is represented by the
vertical band.

Experimental measurement SM prediction

σfid[pb] σfid[pb]

pp→ e±νγ 5.4± 0.7± 0.9± 0.2 4.7± 0.3
pp→ µ±νγ 4.4± 0.6± 0.7± 0.2 4.9± 0.3
pp→ e+e−γ 2.2± 0.6± 0.5± 0.1 1.5± 0.1
pp→ µ+µ−γ 1.4± 0.3± 0.3± 0.1 1.7± 0.1

σ[pb] σ[pb]

pp→ e±νγ 41.1± 5.7± 7.1± 1.4 36.0± 2.3
pp→ µ±νγ 33.0± 4.6± 5.5± 1.1 36.0± 2.3
pp→ l±νγ 36.0± 3.6± 6.2± 1.2 36.0± 2.3
pp→ e+e−γ 9.9± 2.7± 2.3± 0.3 6.9± 0.5
pp→ µ+µ−γ 5.6± 1.4± 1.2± 0.2 6.9± 0.5
pp→ l+l−γ 6.5± 1.2± 1.7± 0.2 6.9± 0.5

Table 7. Fiducial and production cross sections of the pp→ l±νγ +X and pp→ llγ +X process
at
√
s = 7 TeV. Both the experimental measurements and the SM NLO predictions are given.

The production cross sections are measured with pT (γ) > 15 GeV, ∆R(l, γ) > 0.7 and εph < 0.5,
the fiducial cross section is defined in section 8. For the measurements, the first uncertainty is
statistical, the second is systematic and the third is from the luminosity. The uncertainty in the
SM prediction is systematic.

cross sections (defined in the phase-space region where the detector has good acceptance)
and the extrapolated production cross sections (for EγT > 15 GeV, ∆R(l, γ) > 0.7, and
εph < 0.5) for the individual electron, muon and combined decay channels, are presented.
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Cross section Experimental SM prediction

ratio measurement

Fiducial phase space

σfid
pp→e±νγ/σ

fid
pp→e+e−γ 2.5+0.8

−0.6 ± 0.5 3.1± 0.3

σfid
pp→µ±νγ/σ

fid
pp→µ+µ−γ 3.1+1.1

−0.8 ± 0.6 2.9± 0.3

Phase space for production cross section

σpp→e±νγ/σpp→e+e−γ 4.2+1.3
−1.0 ± 0.9 5.2± 0.2

σpp→µ±νγ/σpp→µ+µ−γ 5.9+1.9
−1.4 ± 1.2 5.2± 0.2

σpp→l±νγ/σpp→l+l−γ 4.8+1.0
−0.8 ± 1.0 5.2± 0.2

Table 8. The ratio of pp → l±νγ + X to pp → l+l−γ + X process at
√
s = 7 TeV. Both the

experimental measurement and the SM NLO prediction are given. The production cross sections are
measured with pT(γ) > 15 GeV, ∆R(l, γ) > 0.7 and εph < 0.5, and the fiducial cross section is defined
in table 2. The first uncertainty in the experimental measurement is statistical and the second
uncertainty is systematic. Asymmetric errors calculated from Clopper and Pearson intervals [26] are
quoted for the statistical uncertainty, due to the low statistics in the pp→ l+l−γ+X measurement.
The uncertainty in the SM prediction is systematic.

The measurements are in agreement with the predictions of the SM at O(ααs) as shown
in table 7 and figure 7. While the current measurements are not strongly sensitive to
possible new physics, the distributions of kinematic variables determined from the leptons
and photons (figures 3 and 4) are consistent with the predictions from the SM in a new
kinematic regime, as is the ratio of the Wγ/Zγ cross sections (figure 8), which directly
depends upon the values of the triple-gauge-couplings in the Standard Model.
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M.S. Levitski128, M. Lewandowska21, A. Lewis118, G.H. Lewis108, A.M. Leyko20, M. Leyton15,
B. Li83, H. Li172, S. Li32b,d, X. Li87, Z. Liang39, Z. Liang118,q, B. Liberti133a, P. Lichard29,
M. Lichtnecker98, K. Lie165, W. Liebig13, R. Lifshitz152, J.N. Lilley17, C. Limbach20,
A. Limosani86, M. Limper63, S.C. Lin151,r, F. Linde105, J.T. Linnemann88, E. Lipeles120,
L. Lipinsky125, A. Lipniacka13, T.M. Liss165, D. Lissauer24, A. Lister49, A.M. Litke137, C. Liu28,
D. Liu151,s, H. Liu87, J.B. Liu87, M Liu44, M. Liu32b, S. Liu2, Y. Liu32b, M. Livan119a,119b,
S.S.A. Livermore118, A. Lleres55, J. Llorente Merino80, S.L. Lloyd75, E. Lobodzinska41, P. Loch6,
W.S. Lockman137, S. Lockwitz175, T. Loddenkoetter20, F.K. Loebinger82, A. Loginov175,
C.W. Loh168, T. Lohse15, K. Lohwasser48, M. Lokajicek125, J. Loken 118, V.P. Lombardo4,
R.E. Long71, L. Lopes124a,b, D. Lopez Mateos34,t, M. Losada162, P. Loscutoff14,
F. Lo Sterzo132a,132b, M.J. Losty159a, X. Lou40, A. Lounis115, K.F. Loureiro162, J. Love21,
P.A. Love71, A.J. Lowe143,f , F. Lu32a, L. Lu39, H.J. Lubatti138, C. Luci132a,132b, A. Lucotte55,
A. Ludwig43, D. Ludwig41, I. Ludwig48, J. Ludwig48, F. Luehring61, G. Luijckx105, D. Lumb48,
L. Luminari132a, E. Lund117, B. Lund-Jensen147, B. Lundberg79, J. Lundberg146a,146b,

– 30 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

J. Lundquist35, M. Lungwitz81, A. Lupi122a,122b, G. Lutz99, D. Lynn24, J. Lys14, E. Lytken79,
H. Ma24, L.L. Ma172, J.A. Macana Goia93, G. Maccarrone47, A. Macchiolo99, B. Maček74,
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M. Moreno Llácer167, P. Morettini50a, M. Morii57, J. Morin75, Y. Morita66, A.K. Morley29,
G. Mornacchi29, M-C. Morone49, S.V. Morozov96, J.D. Morris75, L. Morvaj101, H.G. Moser99,
M. Mosidze51, J. Moss109, R. Mount143, E. Mountricha136, S.V. Mouraviev94, E.J.W. Moyse84,
M. Mudrinic12b, F. Mueller58a, J. Mueller123, K. Mueller20, T.A. Müller98, D. Muenstermann29,
A. Muijs105, A. Muir168, Y. Munwes153, K. Murakami66, W.J. Murray129, I. Mussche105,
E. Musto102a,102b, A.G. Myagkov128, M. Myska125, J. Nadal11, K. Nagai160, K. Nagano66,
Y. Nagasaka60, A.M. Nairz29, Y. Nakahama29, K. Nakamura155, I. Nakano110, G. Nanava20,
A. Napier161, M. Nash77,c, N.R. Nation21, T. Nattermann20, T. Naumann41, G. Navarro162,
H.A. Neal87, E. Nebot80, P.Yu. Nechaeva94, A. Negri119a,119b, G. Negri29, S. Nektarijevic49,

– 31 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

A. Nelson64, S. Nelson143, T.K. Nelson143, S. Nemecek125, P. Nemethy108, A.A. Nepomuceno23a,
M. Nessi29,u, S.Y. Nesterov121, M.S. Neubauer165, A. Neusiedl81, R.M. Neves108, P. Nevski24,
P.R. Newman17, R.B. Nickerson118, R. Nicolaidou136, L. Nicolas139, B. Nicquevert29,
F. Niedercorn115, J. Nielsen137, T. Niinikoski29, A. Nikiforov15, V. Nikolaenko128, K. Nikolaev65,
I. Nikolic-Audit78, K. Nikolopoulos24, H. Nilsen48, P. Nilsson7, Y. Ninomiya 155, A. Nisati132a,
T. Nishiyama67, R. Nisius99, L. Nodulman5, M. Nomachi116, I. Nomidis154, H. Nomoto155,
M. Nordberg29, B. Nordkvist146a,146b, P.R. Norton129, J. Novakova126, M. Nozaki66, M. Nožička41,
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S. Schaetzel58b, A.C. Schaffer115, D. Schaile98, R.D. Schamberger148, A.G. Schamov107,
V. Scharf58a, V.A. Schegelsky121, D. Scheirich87, M.I. Scherzer14, C. Schiavi50a,50b, J. Schieck98,
M. Schioppa36a,36b, S. Schlenker29, J.L. Schlereth5, E. Schmidt48, M.P. Schmidt175,∗,
K. Schmieden20, C. Schmitt81, S. Schmitt58b, M. Schmitz20, A. Schöning58b, M. Schott29,
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20 Physikalisches Institut, University of Bonn, Bonn, Germany
21 Department of Physics, Boston University, Boston MA, United States of America
22 Department of Physics, Brandeis University, Waltham MA, United States of America
23 (a)Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b)Instituto de Fisica,

Universidade de Sao Paulo, Sao Paulo, Brazil
24 Physics Department, Brookhaven National Laboratory, Upton NY, United States of America
25 (a)National Institute of Physics and Nuclear Engineering, Bucharest; (b)University Politehnica

Bucharest, Bucharest; (c)West University in Timisoara, Timisoara, Romania
26 Departamento de F́ısica, Universidad de Buenos Aires, Buenos Aires, Argentina
27 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
28 Department of Physics, Carleton University, Ottawa ON, Canada
29 CERN, Geneva, Switzerland
30 Enrico Fermi Institute, University of Chicago, Chicago IL, United States of America
31 (a)Departamento de Fisica, Pontificia Universidad Católica de Chile, Santiago; (b)Departamento
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– 36 –



J
H
E
P
0
9
(
2
0
1
1
)
0
7
2

CNRS/IN2P3, Aubiere Cedex, France
34 Nevis Laboratory, Columbia University, Irvington NY, United States of America
35 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
36 (a)INFN Gruppo Collegato di Cosenza; (b)Dipartimento di Fisica, Università della Calabria,
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