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Abstract

A search for the decays of the Higgs and Z bosons to a φ meson and a photon is performed
with a pp collision data sample corresponding to an integrated luminosity of 2.7 fb−1 collec-
ted at

√
s = 13 TeV with the ATLAS detector at the LHC. No significant excess of events

is observed above the background, and 95% confidence level upper limits on the branching
fractions of the Higgs and Z boson decays to φ γ of 1.4 × 10−3 and 8.3 × 10−6, respectively,
are obtained.

c© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Rare decays of the 125 GeV Higgs boson [1, 2] H to a light meson and a photon γ have been suggested
to present one viable probe of the Yukawa coupling of the Higgs boson to light (u, d, s) quarks [3–5].
While the Standard Model (SM) predicts these couplings to be small, substantial modifications are pre-
dicted in several scenarios beyond the SM, which include the Minimal Flavor Violation framework [6],
the Froggatt-Nielsen mechanism [7], the Higgs-dependent Yukawa couplings model [8], the Randall-
Sundrum family of models [9], and the possibility of the Higgs boson being a composite pseudo-Goldstone
boson [10]. The light-quark Yukawa couplings are almost entirely unconstrained by existing data and the
large multijet background at the Large Hadron Collider (LHC) severely inhibits the study of such coup-
lings with inclusive H → qq̄ decays. The decay of the Higgs boson to a φ meson and a photon would
give access to the strange-quark Yukawa coupling and to potential deviations from the SM prediction.
The expected SM branching fraction is B (H → φ γ) = (2.3 ± 0.1) × 10−6 [4], and no direct experimental
information about this decay mode currently exists. The analogous rare decays of the Higgs boson to
a heavy quarkonium state and a photon offer sensitivity to the charm- and bottom-quark Yukawa coup-
lings [11–13]. The Higgs boson decays to J/ψ γ and Υ γ have already been searched for by the ATLAS
collaboration [14]. The former decay mode has also been searched for by the CMS collaboration [15].

The corresponding decay of the Z boson has also been considered from a theoretical perspective [16,
17], as it offers a precision test of the SM and the predictions of the factorization approach in quantum
chromodynamics [17]. Owing to the large Z boson production cross section at the LHC, rare Z boson
decays can be probed at branching fractions much smaller than for Higgs boson decays to the same final
state. The most precise prediction for the SM branching fraction isB (Z → φ γ) = (1.17±0.08)×10−8 [16].
The decay Z → φ γ has not yet been observed and is not well constrained by existing measurements of Z
boson decays.

This Letter describes a search for Higgs and Z boson decays to the exclusive final state φ γ. The decay
φ→ K+K− is used to reconstruct the φmeson. The search is performed with a sample of pp collision data
corresponding to an integrated luminosity of 2.7 fb−1 recorded at a center-of-mass energy

√
s = 13 TeV

with the ATLAS detector, described in detail in Ref. [18].

Higgs boson production is modeled using the POWHEG-BOX v2 Monte Carlo (MC) event generator [19–
23] for the gluon fusion (ggH) and vector-boson fusion (VBF) processes calculated up to next-to-leading
order in αS with CT10 parton distribution functions [24]. Additional contributions from the associated
production of a Higgs boson and a W or Z boson (denoted WH and ZH, respectively) are modeled by
the Pythia 8.186 MC event generator [25, 26] with NNPDF 2.3 parton distribution functions [27]. The
production rates and dynamics for a SM Higgs boson with mH = 125 GeV, obtained from Ref. [28],
are assumed throughout this analysis. The ggH signal model is appropriately scaled to account for the
production of a Higgs boson in association with a tt̄ or bb̄ pair. The POWHEG-BOX v2 MC event
generator, with the CTEQ6L1 parton distribution functions [29], is used to model Z boson production.
The total cross section is obtained from the measurement in Ref. [30], with an uncertainty of 5.5%.

The Higgs and Z boson decays are simulated as a cascade of two-body decays. Effects of the helicity
of the φ mesons on the K± kinematics are found to modify the acceptance by at most ±1% and this is
corrected for in the Higgs boson case and treated as a systematic uncertainty in the Z boson case, due to
the unknown Z boson polarization.

Pythia 8.186 [25, 26] with the AZNLO set of hadronization and underlying-event parameters [31] is used
to simulate showering and hadronization. The simulated events are passed through the detailed GEANT4
simulation of the ATLAS detector [32, 33] and processed with the same software used to reconstruct
data.
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The data sample used in this analysis was collected with a dedicated trigger, commissioned in September
2015, requiring an isolated photon with a transverse momentum pT greater than 35 GeV and an isolated
pair of tracks with an invariant mass loosely consistent with the φmeson mass of 1019.5 MeV [34], one of
which must have a transverse momentum greater than 15 GeV. The trigger efficiency for both the Higgs
and Z boson signals is around 80% with respect to the offline selection. Events are retained for analysis
if collected under stable LHC beam conditions and the detector was operating normally.

For this analysis, in the absence of particle identification capabilities in the relevant momentum range,
every reconstructed charged particle satisfying the following requirements is assumed to be a K± meson.
Events are selected if there are at least two tracks with pT > 400 MeV originating from the primary vertex,
which is defined as the vertex with the largest

∑
p2

T in the event. The charged kaons are reconstructed
from inner-detector tracks that satisfy quality requirements, including a requirement on the number of
hits in the silicon detectors [35]. The K± candidates are required to have pseudorapidity 1 |η| < 2.5 and
pT > 15 GeV. The φ → K+K− decays are reconstructed from pairs of oppositely charged inner detector
tracks. The higher-pT track in a pair, denoted the leading track, is required to have pT > 20 GeV. The
experimental resolution in mK+K− is around 4 MeV, comparable to the natural width of the φ meson,
Γφ = 4.266 ± 0.031 MeV [34]. Track pairs with a mass mK+K− within ±20 MeV of the φ meson mass [34]
are selected as φ→ K+K− candidates. Selected φ→ K+K− candidates are required to satisfy an isolation
requirement: the sum of the pT of the reconstructed inner detector tracks from the main vertex within
∆R =

√
(∆φ)2 + (∆η)2 = 0.2 of the leading track (excluding both tracks constituting the φ → K+K−

candidate) is required to be less than 10% of the pT of the φ candidate, pK+K−
T .

Photons are reconstructed from clusters of energy in the electromagnetic calorimeter. Clusters without
matching tracks are classified as unconverted photon candidates while clusters matched to tracks consist-
ent with the hypothesis of a photon conversion into an e+e− pair are classified as converted photon can-
didates [36]. Reconstructed photon candidates are required to have transverse momentum pγT > 35 GeV,
pseudorapidity |ηγ| < 2.37, excluding the barrel/endcap calorimeter transition region 1.37 < |ηγ| < 1.52,
and to satisfy the “tight” photon identification criteria [37]. An isolation requirement is imposed to further
suppress the contamination from jets. The sum of the transverse momenta of all tracks within ∆R = 0.2 of
the photon direction, excluding those associated with the reconstructed photon, is required to be less than
5% of pγT. The effects of multiple pp interactions per bunch crossing (pile-up) in this calculation are re-
duced by removing tracks that do not originate from the primary vertex. Additionally, the sum of the trans-
verse momenta of all energy deposits in the calorimeters within ∆R = 0.4 of the photon direction, exclud-
ing those associated with the reconstructed photon, is required to be less than

(
2.45 GeV + 0.022 × pγT

)
.

The calorimeter isolation measurements are also corrected for the effects of pile-up.

Combinations of a φ → K+K− candidate and a photon, satisfying ∆φ(K+K−, γ) > 0.5, are retained for
further analysis. When multiple combinations are possible, the combination of the highest-pT photon and
the φ→ K+K− candidate with a mass closest to the φ meson mass is retained. The transverse momentum
of φ→ K+K− candidates is required to be greater than a threshold that varies as a function of the invariant
mass of the three-body system, mK+K−γ. Thresholds of 40 GeV and 45 GeV are imposed for the regions
mK+K−γ < 91 GeV and mK+K−γ ≥ 125 GeV, respectively. The threshold is varied from 40 GeV to 45 GeV
as a linear function of mK+K−γ in the region 91 ≤ mK+K−γ < 125 GeV. This approach ensures optimal
sensitivity for both the Higgs and Z boson searches. The total signal efficiency (kinematic acceptance,

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 are used in the transverse plane, with ∆φ being the difference in azimuthal angles around the z-axis.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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and trigger and reconstruction efficiencies) is 18% and 8% for the Higgs and Z boson decays, respectively.
The difference in efficiencies primarily arises due to the softer pγT and pK+K−

T distributions in the case of
Z → φ γ production. The mK+K−γ resolution is around 1.8% for both the Higgs and Z boson decays. The
mK+K− distribution for selected φ γ candidates, with no mK+K− requirement applied, is shown in Figure 1
and exhibits a clear peak at the φ meson mass.
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Figure 1: The mK+K− distribution of selected φ γ combinations with the complete event selection applied (see text),
apart from the requirement on mK+K− . The data are fitted with the convolution of a Breit-Wigner distribution, using
the φ width [34], and a Gaussian distribution to represent the experimental resolution, while the background is
modeled with an analytical function, commonly used to describe a kinematic threshold [38].

The main source of background to the search comes from events involving inclusive multijet or photon
+ jet processes where a φ → K+K− candidate is reconstructed from tracks associated with a jet. The
normalization of this inclusive background is extracted directly from a fit to data. The selection criteria
discussed earlier shape the mK+K−γ distribution for background such that it exhibits a threshold structure
near 100 GeV, and falls then smoothly towards higher mass values. Given the nontrivial shape of this
background, these processes are modeled with a nonparametric data-driven approach using templates to
describe the kinematic distributions. A similar procedure was used in the search for Higgs and Z bo-
son decays to J/ψ γ and Υ(nS ) γ described in Ref. [14]. The approach exploits a sample of around 4000
K+K−γ candidate events passing all of the kinematic selection requirements described previously, except
that the photon and φ → K+K− candidates are not required to satisfy the nominal isolation require-
ments. The events satisfying this selection are collected in a generation region (GR). The contamination
of this sample from signal events is expected to be negligible and is verified not to affect the shape of
the background model. Probability density functions (pdfs) that model the pK+K−

T , pγT, ∆η(K+K−, γ), and
∆φ(K+K−, γ) distributions of this sample are constructed using a Gaussian kernel density estimation [39].
Correlations between these variables and pγT in the event were studied and accounted for in the back-
ground model by deriving separate pdfs in 13 exclusive regions of pγT. In the case of the φ → K+K− and
photon isolation variables, correlations are accounted for by using two-dimensional histograms derived
in the same 13 exclusive regions of pγT. Values of mK+K− are sampled from the corresponding distribu-
tion in the GR. The pdfs of these kinematic and isolation variables are sampled to generate an ensemble

4



of pseudocandidates, each with a complete K+K− γ four-vector and an associated pair of φ → K+K−

and photon isolation values. The nominal selection requirements are imposed on the ensemble and the
surviving pseudocandidates are used to construct templates for the mK+K−γ distribution.

To validate this background model with data, the mK+K−γ distributions in several validation regions,
defined by kinematic and isolation requirements looser than the nominal signal requirements, are used
to compare the prediction of the background model with the data. The mK+K−γ distribution in one of
these validation regions, defined by the GR selection with the addition of the nominal photon isolation
requirement, is shown in Figure 2. The background model is found to describe the data well, and within
the observed statistical uncertainties. A consistency test of the background modelling procedure has been
performed with a sample of simulated photon + jet events in place of the data; similarly good agreement
is observed. The robustness of the background model is further validated by splitting the data into high-
and low-pK+K−γ

T subsets, that exhibit different threshold structures, and confirming that the background
model describes the shapes of both mK+K−γ distributions. Further exclusive background contributions
from Z → ``γ decays have been studied but are found to represent a negligible contribution for the
selection requirements and dataset used in this analysis.
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Figure 2: The distribution of mK+K−γ in data compared to the prediction of the background model for a validation
control sample defined by the GR selection with the addition of the nominal photon isolation requirement. The
background model is normalized to the observed number of events within the region shown. The uncertainty band
corresponds to the uncertainty envelope derived from variations in the background modeling procedure.

Trigger and identification efficiencies for photons are determined from samples enriched with Z → e+e−

events in data [36, 40]. The systematic uncertainty on the expected signal yield associated with the trigger
efficiency is estimated to be 2%. The photon identification efficiency uncertainties, for both the con-
verted and unconverted photons, are estimated to be 2.4% and 2.6% for the Higgs and Z boson signals,
respectively. An uncertainty of 6% is assigned to the track reconstruction efficiency and includes effects
associated with the material budget of the inner detector and the behavior of the track reconstruction al-
gorithm if a nearby track is present. The integrated luminosity of the data sample has an uncertainty of
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5% derived using the method described in Ref. [41]. The photon energy scale uncertainty, determined
from Z → e+e− events and validated using Z → ``γ events [42], is propagated through the simulated
signal samples as a function of ηγ and pγT. The uncertainty associated with the description of the photon
energy scale in the simulation is found to be less than 0.3% of the three-body invariant mass while the
uncertainty associated with the photon energy resolution is found to be negligible relative to the over-
all three-body invariant mass resolution. Similarly, the systematic uncertainty associated with the track
momentum measurement is found to be negligible.

The uncertainty on the shape of the inclusive multijet and photon + jet background is estimated through
the study of variations in the background modeling procedure. The shape of the background model
is allowed to vary around the nominal shape within an envelope associated with shifts in the pK+K−

T
distribution, tilts of the ∆φ(K+K−, γ) distribution, and by neglecting the weakest correlation accounted
for in the nominal background model.

Results are compared to background and signal predictions using an unbinned maximum-likelihood fit
to the mK+K−γ distribution. The fit uses the selected events with mK+K−γ < 300 GeV. The systematic
uncertainties described above result in a 3% deterioration of the sensitivity to the H → φγ decay. For the
Z boson decay the reduction is larger, 13%, mainly due to the systematic uncertainty in the background
shape. The expected and observed numbers of background events within the mK+K−γ ranges relevant to
the Higgs and Z boson signals are shown in Table 1.

Observed (Expected) Background Expected Signal
Mass Range [GeV] Z H

All 81–101 120–130 B[10−6] B[10−3]
1065 288 (266 ± 9) 89 (87 ± 3) 6.7 ± 0.7 13.5 ± 1.5

Table 1: The number of observed events and the expected background yield for the two mK+K−γ ranges of interest.
The Higgs and Z boson contributions expected for branching fraction values of 10−3 and 10−6, respectively, and
estimated using Monte Carlo simulations are also shown.

On the basis of the observed data, upper limits are set on the branching fractions for the Higgs and
Z boson decays to φ γ using the CLs modified frequentist formalism [43] with the profile-likelihood ratio
test statistic [44]. The result of the background-only fit is shown in Figure 3; a small excess of two standard
deviations is observed in the Z boson mass region, estimated using the asymptotic approximation for the
distribution of the test statistic. The expected SM production cross section is assumed for the Higgs boson
while the ATLAS measurement of the inclusive Z boson cross section is used for the Z boson signal [30].
The results are summarized in Table 2. The observed 95% confidence level (CL) upper limits on the
branching fractions for H → φ γ and Z → φ γ decays are around 600 and 700 times the expected SM
branching fractions, respectively.

Branching Fraction Limit (95% CL) Expected Observed

B (H → φ γ) [ 10−3 ] 1.5+0.7
−0.4 1.4

B (Z → φ γ) [ 10−6 ] 4.4+2.0
−1.2 8.3

Table 2: Expected and observed branching fraction limits at 95% CL for 2.7 fb−1 of pp collision data at
√

s =

13 TeV. The ±1σ intervals of the expected limits are also given.

In conclusion, a search for the decay of Higgs or Z bosons to φ γ has been performed with a pp collision
data sample at

√
s = 13 TeV corresponding to an integrated luminosity of 2.7 fb−1 collected with the
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Figure 3: The mK+K−γ distributions of the selected φ γ candidates, along with the results of the maximum-likelihood
fit with background-only model. The 1σ uncertainty band corresponds to the total uncertainty of the background
model. The Higgs and Z boson contributions, expected for branching fraction values of 10−3 and 10−6, respectively,
are also shown.

ATLAS detector at the LHC. No significant excess of events is observed above the background. Upper
limits at the 95% CL are set on the branching fractions for the decay of the 125 GeV SM Higgs boson and
the Z boson to φ γ. The obtained limits are B (H → φ γ) < 1.4 × 10−3 and B (Z → φ γ) < 8.3 × 10−6.

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI,
Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT
CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-
DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC, Hong
Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan;
CNRST, Morocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Por-
tugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia;

7



MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and
Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST,
Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition,
individual groups and members have received support from BCKDF, the Canada Council, CANARIE,
CRC, Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, FP7, Ho-
rizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d’Avenir Labex and
Idex, ANR, Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation, Ger-
many; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF; BSF,
GIF and Minerva, Israel; BRF, Norway; Generalitat de Catalunya, Generalitat Valenciana, Spain; the
Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource pro-
viders. Major contributors of computing resources are listed in Ref. [45].

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the standard model Higgs
boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1–29,
arXiv:1207.7214 [hep-ex].

[2] CMS Collaboration,
Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC,
Phys. Lett. B 716 (2012) 30–61, arXiv:1207.7235 [hep-ex].

[3] A. L. Kagan et al., An Exclusive Window onto Higgs Yukawa Couplings,
Phys. Rev. Lett. 114 (2015) 101802, arXiv:1406.1722 [hep-ph].

[4] M. König and M. Neubert,
Exclusive Radiative Higgs Decays as Probes of Light-Quark Yukawa Couplings,
JHEP 08 (2015) 012, arXiv:1505.03870 [hep-ph].

[5] G. Perez et al., Prospects for measuring the Higgs boson coupling to light quarks,
Phys. Rev. D 93 (2016) 013001, arXiv:1505.06689 [hep-ph].

[6] G. D’Ambrosio et al., Minimal flavor violation: An Effective field theory approach,
Nucl. Phys. B 645 (2002) 155–187, arXiv:hep-ph/0207036.

[7] C. D. Froggatt and H. B. Nielsen, Hierarchy of Quark Masses, Cabibbo Angles and CP Violation,
Nucl. Phys. B 147 (1979) 277–298.

[8] G. F. Giudice and O. Lebedev, Higgs-dependent Yukawa couplings,
Phys. Lett. B 665 (2008) 79–85, arXiv:0804.1753 [hep-ph].

[9] L. Randall and R. Sundrum, A Large mass hierarchy from a small extra dimension,
Phys. Rev. Lett. 83 (1999) 3370–3373, arXiv:hep-ph/9905221.

[10] M. J. Dugan, H. Georgi and D. B. Kaplan, Anatomy of a Composite Higgs Model,
Nucl. Phys. B 254 (1985) 299.

8

http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1103/PhysRevLett.114.101802
http://arxiv.org/abs/1406.1722
http://dx.doi.org/10.1007/JHEP08(2015)012
http://arxiv.org/abs/1505.03870
http://dx.doi.org/10.1103/PhysRevD.93.013001
http://arxiv.org/abs/1505.06689
http://dx.doi.org/10.1016/S0550-3213(02)00836-2
http://arxiv.org/abs/hep-ph/0207036
http://dx.doi.org/10.1016/0550-3213(79)90316-X
http://dx.doi.org/10.1016/j.physletb.2008.05.062
http://arxiv.org/abs/0804.1753
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://dx.doi.org/10.1016/0550-3213(85)90221-4


[11] M. Doroshenko et al., Vector quarkonium in decays of heavy Higgs particles,
Yad. Fiz. 46 (1987) 864–868.

[12] G. T. Bodwin et al., Higgs boson decays to quarkonia and the Hc̄c coupling,
Phys. Rev. D 88 (2013) 053003, arXiv:1306.5770 [hep-ph].

[13] G. T. Bodwin et al., Relativistic corrections to Higgs-boson decays to quarkonia.,
Phys. Rev. D 90 (2014) 113010, arXiv:1407.6695 [hep-ph].

[14] ATLAS Collaboration,
Search for Higgs and Z Boson Decays to J/ψ γ and Υ(nS ) γ with the ATLAS Detector,
Phys. Rev. Lett. 114 (2015) 121801, arXiv:1501.03276 [hep-ex].

[15] CMS Collaboration, Search for a Higgs boson decaying into γ∗γ → ``γ with low dilepton mass in
pp collisions at

√
s = 8 TeV, Phys. Lett. B 753 (2016) 341–362, arXiv:1507.03031 [hep-ex].

[16] T.-C. Huang and F. Petriello, Rare exclusive decays of the Z boson revisited,
Phys. Rev. D 92 (2015) 014007, arXiv:1411.5924 [hep-ph].

[17] Y. Grossman, M. König and M. Neubert,
Exclusive Radiative Decays of W and Z Bosons in QCD Factorization, JHEP 04 (2015) 101,
arXiv:1501.06569 [hep-ph].

[18] ATLAS Collaboration, The ATLAS experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.

[19] P. Nason, A New method for combining NLO QCD with shower Monte Carlo algorithms,
JHEP 11 (2004) 040, arXiv:hep-ph/0409146.

[20] S. Frixione, P. Nason and C. Oleari,
Matching NLO QCD computations with parton shower simulations: the POWHEG method,
JHEP 11 (2007) 070, arXiv:0709.2092 [hep-ph].

[21] S. Alioli et al., A general framework for implementing NLO calculations in shower Monte Carlo
programs: the POWHEG BOX, JHEP 06 (2010) 043, arXiv:1002.2581 [hep-ph].

[22] S. Alioli et al., NLO Higgs boson production via gluon fusion matched with shower in POWHEG,
JHEP 04 (2009) 002, arXiv:0812.0578 [hep-ph].

[23] P. Nason and C. Oleari,
NLO Higgs boson production via vector-boson fusion matched with shower in POWHEG,
JHEP 02 (2010) 037, arXiv:0911.5299 [hep-ph].

[24] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024,
arXiv:1007.2241 [hep-ph].

[25] T. Sjöstrand, S. Mrenna and P. Z. Skands, A Brief Introduction to PYTHIA 8.1,
Comput. Phys. Commun. 178 (2008) 852, arXiv:0710.3820 [hep-ph].

[26] T. Sjöstrand, S. Mrenna and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026,
arXiv:hep-ph/0603175.

[27] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 244–289,
arXiv:1207.1303 [hep-ph].

[28] LHC Higgs Cross Section Working Group,
Handbook of LHC Higgs Cross Sections: 3. Higgs Properties,
CERN-2013-004 (CERN, Geneva, 2013), arXiv:1307.1347 [hep-ph].

9

http://dx.doi.org/10.1103/PhysRevD.88.053003
http://arxiv.org/abs/1306.5770
http://dx.doi.org/10.1103/PhysRevD.90.113010
http://arxiv.org/abs/1407.6695
http://dx.doi.org/10.1103/PhysRevLett.114.121801
http://arxiv.org/abs/1501.03276
http://dx.doi.org/10.1016/j.physletb.2015.12.039
http://arxiv.org/abs/1507.03031
http://dx.doi.org/10.1103/PhysRevD.92.014007
http://arxiv.org/abs/1411.5924
http://dx.doi.org/10.1007/JHEP04(2015)101
http://arxiv.org/abs/1501.06569
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://arxiv.org/abs/hep-ph/0409146
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
http://dx.doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
http://dx.doi.org/10.1088/1126-6708/2009/04/002
http://arxiv.org/abs/0812.0578
http://dx.doi.org/10.1007/JHEP02(2010)037
http://arxiv.org/abs/0911.5299
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://arxiv.org/abs/1307.1347


[29] J. Pumplin et al.,
New generation of parton distributions with uncertainties from global QCD analysis,
JHEP 07 (2002) 012, arXiv:hep-ph/0201195.

[30] ATLAS Collaboration, Measurement of W± and Z-boson production cross sections in pp
collisions at

√
s = 13 TeV with the ATLAS detector, (2016), arXiv:1603.09222 [hep-ex].

[31] ATLAS Collaboration, Measurement of the Z/γ∗ boson transverse momentum distribution in pp
collisions at

√
s = 7 TeV with the ATLAS detector, JHEP 09 (2014) 145,

arXiv:1406.3660 [hep-ex].

[32] S. Agostinelli et al., GEANT4: a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003) 250–303.

[33] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C 70 (2010) 823–874,
arXiv:1005.4568 [physics.ins-det].

[34] K. A. Olive et al., Review of Particle Physics, Chin. Phys. C 38 (2014) 090001.

[35] ATLAS Collaboration,
Early Inner Detector Tracking Performance in the 2015 data at

√
s = 13 TeV,

ATL-PHYS-PUB-2015-051 (2015), url: http://cds.cern.ch/record/2110140.

[36] Measurement of the photon identification efficiencies with the ATLAS detector using LHC Run-1
data, (2016), arXiv:1606.01813 [hep-ex].

[37] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon cross section in pp
collisions at

√
s = 7 TeV with the ATLAS detector, Phys. Rev. D 83 (2011) 052005,

arXiv:1012.4389 [hep-ex].

[38] J. P. Lees et al. [BaBar Collaboration],
Measurement of the D∗(2010)+ natural line width and the D∗(2010)+ − D0 mass difference,
Phys. Rev. D 88 (2013) 052003, [Erratum: Phys. Rev. D 88, (2013) 079902],
arXiv:1304.5009 [hep-ex].

[39] K. S. Cranmer, Kernel estimation in high-energy physics,
Comput. Phys. Commun. 136 (2001) 198–207, arXiv:hep-ex/0011057.

[40] ATLAS Collaboration,
Performance of the ATLAS Electron and Photon Trigger in p-p Collisions at

√
s = 7 TeV in 2011,

ATLAS-CONF-2012-048 (2012), url: http://cds.cern.ch/record/1450089.

[41] ATLAS Collaboration, Improved luminosity determination in pp collisions at
√

s = 7 TeV using
the ATLAS detector at the LHC, Eur. Phys. J. C 73 (2013) 2518, arXiv:1302.4393 [hep-ex].

[42] ATLAS Collaboration,
Electron and photon energy calibration with the ATLAS detector using LHC Run 1 data,
Eur. Phys. J. C 74 (2014) 3071, arXiv:1407.5063 [hep-ex].

[43] A. L. Read, Presentation of search results: The CLs technique, J. Phys. G 28 (2002) 2693–2704.

[44] G. Cowan et al., Asymptotic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71 (2011) 1554, [Erratum: Eur. Phys. J. C 73 (2013) 2501],
arXiv:1007.1727 [physics.data-an].

[45] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016-2017,
ATL-GEN-PUB-2016-002, 2016, url: http://cds.cern.ch/record/2202407.

10

http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://arxiv.org/abs/1603.09222
http://dx.doi.org/10.1007/JHEP09(2014)145
http://arxiv.org/abs/1406.3660
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://cds.cern.ch/record/2110140
http://arxiv.org/abs/1606.01813
http://dx.doi.org/10.1103/PhysRevD.83.052005
http://arxiv.org/abs/1012.4389
http://dx.doi.org/10.1103/PhysRevD.88.079902, 10.1103/PhysRevD.88.052003
http://arxiv.org/abs/1304.5009
http://dx.doi.org/10.1016/S0010-4655(00)00243-5
http://arxiv.org/abs/hep-ex/0011057
http://cds.cern.ch/record/1450089
http://dx.doi.org/10.1140/epjc/s10052-013-2518-3
http://arxiv.org/abs/1302.4393
http://dx.doi.org/10.1140/epjc/s10052-014-3071-4
http://arxiv.org/abs/1407.5063
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://arxiv.org/abs/1007.1727
http://cds.cern.ch/record/2202407


The ATLAS Collaboration

M. Aaboud135d, G. Aad86, B. Abbott113, J. Abdallah64, O. Abdinov12, B. Abeloos117, R. Aben107,
O.S. AbouZeid137, N.L. Abraham149, H. Abramowicz153, H. Abreu152, R. Abreu116, Y. Abulaiti146a,146b,
B.S. Acharya163a,163b,a, L. Adamczyk40a, D.L. Adams27, J. Adelman108, S. Adomeit100, T. Adye131,
A.A. Affolder75, T. Agatonovic-Jovin14, J. Agricola56, J.A. Aguilar-Saavedra126a,126f, S.P. Ahlen24,
F. Ahmadov66,b, G. Aielli133a,133b, H. Akerstedt146a,146b, T.P.A. Åkesson82, A.V. Akimov96,
G.L. Alberghi22a,22b, J. Albert168, S. Albrand57, M.J. Alconada Verzini72, M. Aleksa32,
I.N. Aleksandrov66, C. Alexa28b, G. Alexander153, T. Alexopoulos10, M. Alhroob113, B. Ali128,
M. Aliev74a,74b, G. Alimonti92a, J. Alison33, S.P. Alkire37, B.M.M. Allbrooke149, B.W. Allen116,
P.P. Allport19, A. Aloisio104a,104b, A. Alonso38, F. Alonso72, C. Alpigiani138, M. Alstaty86,
B. Alvarez Gonzalez32, D. Álvarez Piqueras166, M.G. Alviggi104a,104b, B.T. Amadio16, K. Amako67,
Y. Amaral Coutinho26a, C. Amelung25, D. Amidei90, S.P. Amor Dos Santos126a,126c, A. Amorim126a,126b,
S. Amoroso32, G. Amundsen25, C. Anastopoulos139, L.S. Ancu51, N. Andari19, T. Andeen11,
C.F. Anders59b, G. Anders32, J.K. Anders75, K.J. Anderson33, A. Andreazza92a,92b, V. Andrei59a,
S. Angelidakis9, I. Angelozzi107, P. Anger46, A. Angerami37, F. Anghinolfi32, A.V. Anisenkov109,c,
N. Anjos13, A. Annovi124a,124b, C. Antel59a, M. Antonelli49, A. Antonov98,∗, F. Anulli132a, M. Aoki67,
L. Aperio Bella19, G. Arabidze91, Y. Arai67, J.P. Araque126a, A.T.H. Arce47, F.A. Arduh72, J-F. Arguin95,
S. Argyropoulos64, M. Arik20a, A.J. Armbruster143, L.J. Armitage77, O. Arnaez32, H. Arnold50,
M. Arratia30, O. Arslan23, A. Artamonov97, G. Artoni120, S. Artz84, S. Asai155, N. Asbah44,
A. Ashkenazi153, B. Åsman146a,146b, L. Asquith149, K. Assamagan27, R. Astalos144a, M. Atkinson165,
N.B. Atlay141, K. Augsten128, G. Avolio32, B. Axen16, M.K. Ayoub117, G. Azuelos95,d, M.A. Baak32,
A.E. Baas59a, M.J. Baca19, H. Bachacou136, K. Bachas74a,74b, M. Backes148, M. Backhaus32,
P. Bagiacchi132a,132b, P. Bagnaia132a,132b, Y. Bai35a, J.T. Baines131, O.K. Baker175, E.M. Baldin109,c,
P. Balek171, T. Balestri148, F. Balli136, W.K. Balunas122, E. Banas41, Sw. Banerjee172,e,
A.A.E. Bannoura174, L. Barak32, E.L. Barberio89, D. Barberis52a,52b, M. Barbero86, T. Barillari101,
M-S Barisits32, T. Barklow143, N. Barlow30, S.L. Barnes85, B.M. Barnett131, R.M. Barnett16,
Z. Barnovska5, A. Baroncelli134a, G. Barone25, A.J. Barr120, L. Barranco Navarro166, F. Barreiro83,
J. Barreiro Guimarães da Costa35a, R. Bartoldus143, A.E. Barton73, P. Bartos144a, A. Basalaev123,
A. Bassalat117, R.L. Bates55, S.J. Batista158, J.R. Batley30, M. Battaglia137, M. Bauce132a,132b,
F. Bauer136, H.S. Bawa143, f , J.B. Beacham111, M.D. Beattie73, T. Beau81, P.H. Beauchemin161,
P. Bechtle23, H.P. Beck18,g, K. Becker120, M. Becker84, M. Beckingham169, C. Becot110, A.J. Beddall20e,
A. Beddall20b, V.A. Bednyakov66, M. Bedognetti107, C.P. Bee148, L.J. Beemster107, T.A. Beermann32,
M. Begel27, J.K. Behr44, C. Belanger-Champagne88, A.S. Bell79, G. Bella153, L. Bellagamba22a,
A. Bellerive31, M. Bellomo87, K. Belotskiy98, O. Beltramello32, N.L. Belyaev98, O. Benary153,
D. Benchekroun135a, M. Bender100, K. Bendtz146a,146b, N. Benekos10, Y. Benhammou153,
E. Benhar Noccioli175, J. Benitez64, D.P. Benjamin47, J.R. Bensinger25, S. Bentvelsen107,
L. Beresford120, M. Beretta49, D. Berge107, E. Bergeaas Kuutmann164, N. Berger5, J. Beringer16,
S. Berlendis57, N.R. Bernard87, C. Bernius110, F.U. Bernlochner23, T. Berry78, P. Berta129, C. Bertella84,
G. Bertoli146a,146b, F. Bertolucci124a,124b, I.A. Bertram73, C. Bertsche44, D. Bertsche113, G.J. Besjes38,
O. Bessidskaia Bylund146a,146b, M. Bessner44, N. Besson136, C. Betancourt50, A. Bethani57,
S. Bethke101, A.J. Bevan77, R.M. Bianchi125, L. Bianchini25, M. Bianco32, O. Biebel100,
D. Biedermann17, R. Bielski85, N.V. Biesuz124a,124b, M. Biglietti134a, J. Bilbao De Mendizabal51,
T.R.V. Billoud95, H. Bilokon49, M. Bindi56, S. Binet117, A. Bingul20b, C. Bini132a,132b, S. Biondi22a,22b,
T. Bisanz56, D.M. Bjergaard47, C.W. Black150, J.E. Black143, K.M. Black24, D. Blackburn138,
R.E. Blair6, J.-B. Blanchard136, T. Blazek144a, I. Bloch44, C. Blocker25, W. Blum84,∗,

11



U. Blumenschein56, S. Blunier34a, G.J. Bobbink107, V.S. Bobrovnikov109,c, S.S. Bocchetta82, A. Bocci47,
C. Bock100, M. Boehler50, D. Boerner174, J.A. Bogaerts32, D. Bogavac14, A.G. Bogdanchikov109,
C. Bohm146a, V. Boisvert78, P. Bokan14, T. Bold40a, A.S. Boldyrev163a,163c, M. Bomben81, M. Bona77,
M. Boonekamp136, A. Borisov130, G. Borissov73, J. Bortfeldt32, D. Bortoletto120, V. Bortolotto61a,61b,61c,
K. Bos107, D. Boscherini22a, M. Bosman13, J.D. Bossio Sola29, J. Boudreau125, J. Bouffard2,
E.V. Bouhova-Thacker73, D. Boumediene36, C. Bourdarios117, S.K. Boutle55, A. Boveia32, J. Boyd32,
I.R. Boyko66, J. Bracinik19, A. Brandt8, G. Brandt56, O. Brandt59a, U. Bratzler156, B. Brau87,
J.E. Brau116, H.M. Braun174,∗, W.D. Breaden Madden55, K. Brendlinger122, A.J. Brennan89,
L. Brenner107, R. Brenner164, S. Bressler171, T.M. Bristow48, D. Britton55, D. Britzger44, F.M. Brochu30,
I. Brock23, R. Brock91, G. Brooijmans37, T. Brooks78, W.K. Brooks34b, J. Brosamer16, E. Brost108,
J.H Broughton19, P.A. Bruckman de Renstrom41, D. Bruncko144b, R. Bruneliere50, A. Bruni22a,
G. Bruni22a, L.S. Bruni107, BH Brunt30, M. Bruschi22a, N. Bruscino23, P. Bryant33, L. Bryngemark82,
T. Buanes15, Q. Buat142, P. Buchholz141, A.G. Buckley55, I.A. Budagov66, F. Buehrer50, M.K. Bugge119,
O. Bulekov98, D. Bullock8, H. Burckhart32, S. Burdin75, C.D. Burgard50, B. Burghgrave108, K. Burka41,
S. Burke131, I. Burmeister45, J.T.P. Burr120, E. Busato36, D. Büscher50, V. Büscher84, P. Bussey55,
J.M. Butler24, C.M. Buttar55, J.M. Butterworth79, P. Butti107, W. Buttinger27, A. Buzatu55,
A.R. Buzykaev109,c, S. Cabrera Urbán166, D. Caforio128, V.M. Cairo39a,39b, O. Cakir4a, N. Calace51,
P. Calafiura16, A. Calandri86, G. Calderini81, P. Calfayan100, G. Callea39a,39b, L.P. Caloba26a,
S. Calvente Lopez83, D. Calvet36, S. Calvet36, T.P. Calvet86, R. Camacho Toro33, S. Camarda32,
P. Camarri133a,133b, D. Cameron119, R. Caminal Armadans165, C. Camincher57, S. Campana32,
M. Campanelli79, A. Camplani92a,92b, A. Campoverde141, V. Canale104a,104b, A. Canepa159a,
M. Cano Bret35e, J. Cantero114, R. Cantrill126a, T. Cao42, M.D.M. Capeans Garrido32, I. Caprini28b,
M. Caprini28b, M. Capua39a,39b, R. Caputo84, R.M. Carbone37, R. Cardarelli133a, F. Cardillo50,
I. Carli129, T. Carli32, G. Carlino104a, L. Carminati92a,92b, S. Caron106, E. Carquin34b,
G.D. Carrillo-Montoya32, J.R. Carter30, J. Carvalho126a,126c, D. Casadei19, M.P. Casado13,h,
M. Casolino13, D.W. Casper162, E. Castaneda-Miranda145a, R. Castelijn107, A. Castelli107,
V. Castillo Gimenez166, N.F. Castro126a,i, A. Catinaccio32, J.R. Catmore119, A. Cattai32, J. Caudron23,
V. Cavaliere165, E. Cavallaro13, D. Cavalli92a, M. Cavalli-Sforza13, V. Cavasinni124a,124b,
F. Ceradini134a,134b, L. Cerda Alberich166, B.C. Cerio47, A.S. Cerqueira26b, A. Cerri149,
L. Cerrito133a,133b, F. Cerutti16, M. Cerv32, A. Cervelli18, S.A. Cetin20d, A. Chafaq135a,
D. Chakraborty108, S.K. Chan58, Y.L. Chan61a, P. Chang165, J.D. Chapman30, D.G. Charlton19,
A. Chatterjee51, C.C. Chau158, C.A. Chavez Barajas149, S. Che111, S. Cheatham73, A. Chegwidden91,
S. Chekanov6, S.V. Chekulaev159a, G.A. Chelkov66, j, M.A. Chelstowska90, C. Chen65, H. Chen27,
K. Chen148, S. Chen35c, S. Chen155, X. Chen35f, Y. Chen68, H.C. Cheng90, H.J Cheng35a, Y. Cheng33,
A. Cheplakov66, E. Cheremushkina130, R. Cherkaoui El Moursli135e, V. Chernyatin27,∗, E. Cheu7,
L. Chevalier136, V. Chiarella49, G. Chiarelli124a,124b, G. Chiodini74a, A.S. Chisholm19, A. Chitan28b,
M.V. Chizhov66, K. Choi62, A.R. Chomont36, S. Chouridou9, B.K.B. Chow100, V. Christodoulou79,
D. Chromek-Burckhart32, J. Chudoba127, A.J. Chuinard88, J.J. Chwastowski41, L. Chytka115,
G. Ciapetti132a,132b, A.K. Ciftci4a, D. Cinca45, V. Cindro76, I.A. Cioara23, C. Ciocca22a,22b, A. Ciocio16,
F. Cirotto104a,104b, Z.H. Citron171, M. Citterio92a, M. Ciubancan28b, A. Clark51, B.L. Clark58,
M.R. Clark37, P.J. Clark48, R.N. Clarke16, C. Clement146a,146b, Y. Coadou86, M. Cobal163a,163c,
A. Coccaro51, J. Cochran65, L. Colasurdo106, B. Cole37, A.P. Colijn107, J. Collot57, T. Colombo32,
G. Compostella101, P. Conde Muiño126a,126b, E. Coniavitis50, S.H. Connell145b, I.A. Connelly78,
V. Consorti50, S. Constantinescu28b, G. Conti32, F. Conventi104a,k, M. Cooke16, B.D. Cooper79,
A.M. Cooper-Sarkar120, K.J.R. Cormier158, T. Cornelissen174, M. Corradi132a,132b, F. Corriveau88,l,
A. Corso-Radu162, A. Cortes-Gonzalez32, G. Cortiana101, G. Costa92a, M.J. Costa166, D. Costanzo139,
G. Cottin30, G. Cowan78, B.E. Cox85, K. Cranmer110, S.J. Crawley55, G. Cree31, S. Crépé-Renaudin57,

12



F. Crescioli81, W.A. Cribbs146a,146b, M. Crispin Ortuzar120, M. Cristinziani23, V. Croft106,
G. Crosetti39a,39b, A. Cueto83, T. Cuhadar Donszelmann139, J. Cummings175, M. Curatolo49, J. Cúth84,
H. Czirr141, P. Czodrowski3, G. D’amen22a,22b, S. D’Auria55, M. D’Onofrio75,
M.J. Da Cunha Sargedas De Sousa126a,126b, C. Da Via85, W. Dabrowski40a, T. Dado144a, T. Dai90,
O. Dale15, F. Dallaire95, C. Dallapiccola87, M. Dam38, J.R. Dandoy33, N.P. Dang50, A.C. Daniells19,
N.S. Dann85, M. Danninger167, M. Dano Hoffmann136, V. Dao50, G. Darbo52a, S. Darmora8,
J. Dassoulas3, A. Dattagupta62, W. Davey23, C. David168, T. Davidek129, M. Davies153, P. Davison79,
E. Dawe89, I. Dawson139, R.K. Daya-Ishmukhametova87, K. De8, R. de Asmundis104a,
A. De Benedetti113, S. De Castro22a,22b, S. De Cecco81, N. De Groot106, P. de Jong107, H. De la Torre83,
F. De Lorenzi65, A. De Maria56, D. De Pedis132a, A. De Salvo132a, U. De Sanctis149, A. De Santo149,
J.B. De Vivie De Regie117, W.J. Dearnaley73, R. Debbe27, C. Debenedetti137, D.V. Dedovich66,
N. Dehghanian3, I. Deigaard107, M. Del Gaudio39a,39b, J. Del Peso83, T. Del Prete124a,124b,
D. Delgove117, F. Deliot136, C.M. Delitzsch51, A. Dell’Acqua32, L. Dell’Asta24, M. Dell’Orso124a,124b,
M. Della Pietra104a,k, D. della Volpe51, M. Delmastro5, P.A. Delsart57, D.A. DeMarco158, S. Demers175,
M. Demichev66, A. Demilly81, S.P. Denisov130, D. Denysiuk136, D. Derendarz41, J.E. Derkaoui135d,
F. Derue81, P. Dervan75, K. Desch23, C. Deterre44, K. Dette45, P.O. Deviveiros32, A. Dewhurst131,
S. Dhaliwal25, A. Di Ciaccio133a,133b, L. Di Ciaccio5, W.K. Di Clemente122, C. Di Donato132a,132b,
A. Di Girolamo32, B. Di Girolamo32, B. Di Micco134a,134b, R. Di Nardo32, A. Di Simone50,
R. Di Sipio158, D. Di Valentino31, C. Diaconu86, M. Diamond158, F.A. Dias48, M.A. Diaz34a,
E.B. Diehl90, J. Dietrich17, S. Diglio86, A. Dimitrievska14, J. Dingfelder23, P. Dita28b, S. Dita28b,
F. Dittus32, F. Djama86, T. Djobava53b, J.I. Djuvsland59a, M.A.B. do Vale26c, D. Dobos32, M. Dobre28b,
C. Doglioni82, J. Dolejsi129, Z. Dolezal129, M. Donadelli26d, S. Donati124a,124b, P. Dondero121a,121b,
J. Donini36, J. Dopke131, A. Doria104a, M.T. Dova72, A.T. Doyle55, E. Drechsler56, M. Dris10, Y. Du35d,
J. Duarte-Campderros153, E. Duchovni171, G. Duckeck100, O.A. Ducu95,m, D. Duda107, A. Dudarev32,
A.Chr. Dudder84, E.M. Duffield16, L. Duflot117, M. Dührssen32, M. Dumancic171, M. Dunford59a,
H. Duran Yildiz4a, M. Düren54, A. Durglishvili53b, D. Duschinger46, B. Dutta44, M. Dyndal44,
C. Eckardt44, K.M. Ecker101, R.C. Edgar90, N.C. Edwards48, T. Eifert32, G. Eigen15, K. Einsweiler16,
T. Ekelof164, M. El Kacimi135c, V. Ellajosyula86, M. Ellert164, S. Elles5, F. Ellinghaus174, A.A. Elliot168,
N. Ellis32, J. Elmsheuser27, M. Elsing32, D. Emeliyanov131, Y. Enari155, O.C. Endner84, J.S. Ennis169,
J. Erdmann45, A. Ereditato18, G. Ernis174, J. Ernst2, M. Ernst27, S. Errede165, E. Ertel84, M. Escalier117,
H. Esch45, C. Escobar125, B. Esposito49, A.I. Etienvre136, E. Etzion153, H. Evans62, A. Ezhilov123,
F. Fabbri22a,22b, L. Fabbri22a,22b, G. Facini33, R.M. Fakhrutdinov130, S. Falciano132a, R.J. Falla79,
J. Faltova32, Y. Fang35a, M. Fanti92a,92b, A. Farbin8, A. Farilla134a, C. Farina125, E.M. Farina121a,121b,
T. Farooque13, S. Farrell16, S.M. Farrington169, P. Farthouat32, F. Fassi135e, P. Fassnacht32,
D. Fassouliotis9, M. Faucci Giannelli78, A. Favareto52a,52b, W.J. Fawcett120, L. Fayard117,
O.L. Fedin123,n, W. Fedorko167, S. Feigl119, L. Feligioni86, C. Feng35d, E.J. Feng32, H. Feng90,
A.B. Fenyuk130, L. Feremenga8, P. Fernandez Martinez166, S. Fernandez Perez13, J. Ferrando55,
A. Ferrari164, P. Ferrari107, R. Ferrari121a, D.E. Ferreira de Lima59b, A. Ferrer166, D. Ferrere51,
C. Ferretti90, A. Ferretto Parodi52a,52b, F. Fiedler84, A. Filipčič76, M. Filipuzzi44, F. Filthaut106,
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F. Rizatdinova114, E. Rizvi77, C. Rizzi13, S.H. Robertson88,l, A. Robichaud-Veronneau88, D. Robinson30,
J.E.M. Robinson44, A. Robson55, C. Roda124a,124b, Y. Rodina86, A. Rodriguez Perez13,
D. Rodriguez Rodriguez166, S. Roe32, C.S. Rogan58, O. Røhne119, A. Romaniouk98, M. Romano22a,22b,
S.M. Romano Saez36, E. Romero Adam166, N. Rompotis138, M. Ronzani50, L. Roos81, E. Ros166,
S. Rosati132a, K. Rosbach50, P. Rose137, O. Rosenthal141, N.-A. Rosien56, V. Rossetti146a,146b,
E. Rossi104a,104b, L.P. Rossi52a, J.H.N. Rosten30, R. Rosten138, M. Rotaru28b, I. Roth171, J. Rothberg138,
D. Rousseau117, C.R. Royon136, A. Rozanov86, Y. Rozen152, X. Ruan145c, F. Rubbo143,
M.S. Rudolph158, F. Rühr50, A. Ruiz-Martinez31, Z. Rurikova50, N.A. Rusakovich66, A. Ruschke100,
H.L. Russell138, J.P. Rutherfoord7, N. Ruthmann32, Y.F. Ryabov123, M. Rybar165, G. Rybkin117, S. Ryu6,
A. Ryzhov130, G.F. Rzehorz56, A.F. Saavedra150, G. Sabato107, S. Sacerdoti29, H.F-W. Sadrozinski137,
R. Sadykov66, F. Safai Tehrani132a, P. Saha108, M. Sahinsoy59a, M. Saimpert136, T. Saito155,
H. Sakamoto155, Y. Sakurai170, G. Salamanna134a,134b, A. Salamon133a,133b, J.E. Salazar Loyola34b,
D. Salek107, P.H. Sales De Bruin138, D. Salihagic101, A. Salnikov143, J. Salt166, D. Salvatore39a,39b,
F. Salvatore149, A. Salvucci61a, A. Salzburger32, D. Sammel50, D. Sampsonidis154, A. Sanchez104a,104b,
J. Sánchez166, V. Sanchez Martinez166, H. Sandaker119, R.L. Sandbach77, H.G. Sander84,
M. Sandhoff174, C. Sandoval21, R. Sandstroem101, D.P.C. Sankey131, M. Sannino52a,52b, A. Sansoni49,
C. Santoni36, R. Santonico133a,133b, H. Santos126a, I. Santoyo Castillo149, K. Sapp125, A. Sapronov66,
J.G. Saraiva126a,126d, B. Sarrazin23, O. Sasaki67, Y. Sasaki155, K. Sato160, G. Sauvage5,∗, E. Sauvan5,
G. Savage78, P. Savard158,d, N. Savic101, C. Sawyer131, L. Sawyer80,q, J. Saxon33, C. Sbarra22a,
A. Sbrizzi22a,22b, T. Scanlon79, D.A. Scannicchio162, M. Scarcella150, V. Scarfone39a,39b,
J. Schaarschmidt171, P. Schacht101, B.M. Schachtner100, D. Schaefer32, L. Schaefer122, R. Schaefer44,
J. Schaeffer84, S. Schaepe23, S. Schaetzel59b, U. Schäfer84, A.C. Schaffer117, D. Schaile100,
R.D. Schamberger148, V. Scharf59a, V.A. Schegelsky123, D. Scheirich129, M. Schernau162,
C. Schiavi52a,52b, S. Schier137, C. Schillo50, M. Schioppa39a,39b, S. Schlenker32,
K.R. Schmidt-Sommerfeld101, K. Schmieden32, C. Schmitt84, S. Schmitt44, S. Schmitz84,
B. Schneider159a, U. Schnoor50, L. Schoeffel136, A. Schoening59b, B.D. Schoenrock91, E. Schopf23,
M. Schott84, J. Schovancova8, S. Schramm51, M. Schreyer173, N. Schuh84, A. Schulte84,
M.J. Schultens23, H.-C. Schultz-Coulon59a, H. Schulz17, M. Schumacher50, B.A. Schumm137,
Ph. Schune136, A. Schwartzman143, T.A. Schwarz90, H. Schweiger85, Ph. Schwemling136,
R. Schwienhorst91, J. Schwindling136, T. Schwindt23, G. Sciolla25, F. Scuri124a,124b, F. Scutti89,
J. Searcy90, P. Seema23, S.C. Seidel105, A. Seiden137, F. Seifert128, J.M. Seixas26a, G. Sekhniaidze104a,
K. Sekhon90, S.J. Sekula42, D.M. Seliverstov123,∗, N. Semprini-Cesari22a,22b, C. Serfon119, L. Serin117,
L. Serkin163a,163b, M. Sessa134a,134b, R. Seuster168, H. Severini113, T. Sfiligoj76, F. Sforza32, A. Sfyrla51,
E. Shabalina56, N.W. Shaikh146a,146b, L.Y. Shan35a, R. Shang165, J.T. Shank24, M. Shapiro16,

18



P.B. Shatalov97, K. Shaw163a,163b, S.M. Shaw85, A. Shcherbakova146a,146b, C.Y. Shehu149, P. Sherwood79,
L. Shi151,a j, S. Shimizu68, C.O. Shimmin162, M. Shimojima102, M. Shiyakova66,ak, A. Shmeleva96,
D. Shoaleh Saadi95, M.J. Shochet33, S. Shojaii92a,92b, S. Shrestha111, E. Shulga98, M.A. Shupe7,
P. Sicho127, A.M. Sickles165, P.E. Sidebo147, O. Sidiropoulou173, D. Sidorov114, A. Sidoti22a,22b,
F. Siegert46, Dj. Sijacki14, J. Silva126a,126d, S.B. Silverstein146a, V. Simak128, Lj. Simic14, S. Simion117,
E. Simioni84, B. Simmons79, D. Simon36, M. Simon84, P. Sinervo158, N.B. Sinev116, M. Sioli22a,22b,
G. Siragusa173, S.Yu. Sivoklokov99, J. Sjölin146a,146b, M.B. Skinner73, H.P. Skottowe58, P. Skubic113,
M. Slater19, T. Slavicek128, M. Slawinska107, K. Sliwa161, R. Slovak129, V. Smakhtin171, B.H. Smart5,
L. Smestad15, J. Smiesko144a, S.Yu. Smirnov98, Y. Smirnov98, L.N. Smirnova99,al, O. Smirnova82,
M.N.K. Smith37, R.W. Smith37, M. Smizanska73, K. Smolek128, A.A. Snesarev96, S. Snyder27,
R. Sobie168,l, F. Socher46, A. Soffer153, D.A. Soh151, G. Sokhrannyi76, C.A. Solans Sanchez32,
M. Solar128, E.Yu. Soldatov98, U. Soldevila166, A.A. Solodkov130, A. Soloshenko66,
O.V. Solovyanov130, V. Solovyev123, P. Sommer50, H. Son161, H.Y. Song35b,am, A. Sood16,
A. Sopczak128, V. Sopko128, V. Sorin13, D. Sosa59b, C.L. Sotiropoulou124a,124b, R. Soualah163a,163c,
A.M. Soukharev109,c, D. South44, B.C. Sowden78, S. Spagnolo74a,74b, M. Spalla124a,124b,
M. Spangenberg169, F. Spanò78, D. Sperlich17, F. Spettel101, R. Spighi22a, G. Spigo32, L.A. Spiller89,
M. Spousta129, R.D. St. Denis55,∗, A. Stabile92a, R. Stamen59a, S. Stamm17, E. Stanecka41, R.W. Stanek6,
C. Stanescu134a, M. Stanescu-Bellu44, M.M. Stanitzki44, S. Stapnes119, E.A. Starchenko130,
G.H. Stark33, J. Stark57, P. Staroba127, P. Starovoitov59a, S. Stärz32, R. Staszewski41, P. Steinberg27,
B. Stelzer142, H.J. Stelzer32, O. Stelzer-Chilton159a, H. Stenzel54, G.A. Stewart55, J.A. Stillings23,
M.C. Stockton88, M. Stoebe88, G. Stoicea28b, P. Stolte56, S. Stonjek101, A.R. Stradling8, A. Straessner46,
M.E. Stramaglia18, J. Strandberg147, S. Strandberg146a,146b, A. Strandlie119, M. Strauss113,
P. Strizenec144b, R. Ströhmer173, D.M. Strom116, R. Stroynowski42, A. Strubig106, S.A. Stucci27,
B. Stugu15, N.A. Styles44, D. Su143, J. Su125, S. Suchek59a, Y. Sugaya118, M. Suk128, V.V. Sulin96,
S. Sultansoy4c, T. Sumida69, S. Sun58, X. Sun35a, J.E. Sundermann50, K. Suruliz149, G. Susinno39a,39b,
M.R. Sutton149, S. Suzuki67, M. Svatos127, M. Swiatlowski33, I. Sykora144a, T. Sykora129, D. Ta50,
C. Taccini134a,134b, K. Tackmann44, J. Taenzer158, A. Taffard162, R. Tafirout159a, N. Taiblum153,
H. Takai27, R. Takashima70, T. Takeshita140, Y. Takubo67, M. Talby86, A.A. Talyshev109,c, K.G. Tan89,
J. Tanaka155, M. Tanaka157, R. Tanaka117, S. Tanaka67, B.B. Tannenwald111, S. Tapia Araya34b,
S. Tapprogge84, S. Tarem152, G.F. Tartarelli92a, P. Tas129, M. Tasevsky127, T. Tashiro69, E. Tassi39a,39b,
A. Tavares Delgado126a,126b, Y. Tayalati135e, A.C. Taylor105, G.N. Taylor89, P.T.E. Taylor89,
W. Taylor159b, F.A. Teischinger32, P. Teixeira-Dias78, K.K. Temming50, D. Temple142, H. Ten Kate32,
P.K. Teng151, J.J. Teoh118, F. Tepel174, S. Terada67, K. Terashi155, J. Terron83, S. Terzo101, M. Testa49,
R.J. Teuscher158,l, T. Theveneaux-Pelzer86, J.P. Thomas19, J. Thomas-Wilsker78, E.N. Thompson37,
P.D. Thompson19, A.S. Thompson55, L.A. Thomsen175, E. Thomson122, M. Thomson30, M.J. Tibbetts16,
R.E. Ticse Torres86, V.O. Tikhomirov96,an, Yu.A. Tikhonov109,c, S. Timoshenko98, P. Tipton175,
S. Tisserant86, K. Todome157, T. Todorov5,∗, S. Todorova-Nova129, J. Tojo71, S. Tokár144a,
K. Tokushuku67, E. Tolley58, L. Tomlinson85, M. Tomoto103, L. Tompkins143,ao, K. Toms105, B. Tong58,
E. Torrence116, H. Torres142, E. Torró Pastor138, J. Toth86,ap, F. Touchard86, D.R. Tovey139,
T. Trefzger173, A. Tricoli27, I.M. Trigger159a, S. Trincaz-Duvoid81, M.F. Tripiana13, W. Trischuk158,
B. Trocmé57, A. Trofymov44, C. Troncon92a, M. Trottier-McDonald16, M. Trovatelli168,
L. Truong163a,163c, M. Trzebinski41, A. Trzupek41, J.C-L. Tseng120, P.V. Tsiareshka93, G. Tsipolitis10,
N. Tsirintanis9, S. Tsiskaridze13, V. Tsiskaridze50, E.G. Tskhadadze53a, K.M. Tsui61a, I.I. Tsukerman97,
V. Tsulaia16, S. Tsuno67, D. Tsybychev148, Y. Tu61b, A. Tudorache28b, V. Tudorache28b, A.N. Tuna58,
S.A. Tupputi22a,22b, S. Turchikhin66, D. Turecek128, D. Turgeman171, R. Turra92a,92b, A.J. Turvey42,
P.M. Tuts37, M. Tyndel131, G. Ucchielli22a,22b, I. Ueda155, M. Ughetto146a,146b, F. Ukegawa160, G. Unal32,
A. Undrus27, G. Unel162, F.C. Ungaro89, Y. Unno67, C. Unverdorben100, J. Urban144b, P. Urquijo89,

19



P. Urrejola84, G. Usai8, A. Usanova63, L. Vacavant86, V. Vacek128, B. Vachon88, C. Valderanis100,
E. Valdes Santurio146a,146b, N. Valencic107, S. Valentinetti22a,22b, A. Valero166, L. Valery13, S. Valkar129,
J.A. Valls Ferrer166, W. Van Den Wollenberg107, P.C. Van Der Deijl107, H. van der Graaf107,
N. van Eldik152, P. van Gemmeren6, J. Van Nieuwkoop142, I. van Vulpen107, M.C. van Woerden32,
M. Vanadia132a,132b, W. Vandelli32, R. Vanguri122, A. Vaniachine130, P. Vankov107, G. Vardanyan176,
R. Vari132a, E.W. Varnes7, T. Varol42, D. Varouchas81, A. Vartapetian8, K.E. Varvell150, J.G. Vasquez175,
F. Vazeille36, T. Vazquez Schroeder88, J. Veatch56, V. Veeraraghavan7, L.M. Veloce158, F. Veloso126a,126c,
S. Veneziano132a, A. Ventura74a,74b, M. Venturi168, N. Venturi158, A. Venturini25, V. Vercesi121a,
M. Verducci132a,132b, W. Verkerke107, J.C. Vermeulen107, A. Vest46,aq, M.C. Vetterli142,d, O. Viazlo82,
I. Vichou165,∗, T. Vickey139, O.E. Vickey Boeriu139, G.H.A. Viehhauser120, S. Viel16, L. Vigani120,
M. Villa22a,22b, M. Villaplana Perez92a,92b, E. Vilucchi49, M.G. Vincter31, V.B. Vinogradov66,
C. Vittori22a,22b, I. Vivarelli149, S. Vlachos10, M. Vlasak128, M. Vogel174, P. Vokac128, G. Volpi124a,124b,
M. Volpi89, H. von der Schmitt101, E. von Toerne23, V. Vorobel129, K. Vorobev98, M. Vos166, R. Voss32,
J.H. Vossebeld75, N. Vranjes14, M. Vranjes Milosavljevic14, V. Vrba127, M. Vreeswijk107,
R. Vuillermet32, I. Vukotic33, Z. Vykydal128, P. Wagner23, W. Wagner174, H. Wahlberg72,
S. Wahrmund46, J. Wakabayashi103, J. Walder73, R. Walker100, W. Walkowiak141, V. Wallangen146a,146b,
C. Wang35c, C. Wang35d,86, F. Wang172, H. Wang16, H. Wang42, J. Wang44, J. Wang150, K. Wang88,
R. Wang6, S.M. Wang151, T. Wang23, T. Wang37, W. Wang35b, X. Wang175, C. Wanotayaroj116,
A. Warburton88, C.P. Ward30, D.R. Wardrope79, A. Washbrook48, P.M. Watkins19, A.T. Watson19,
M.F. Watson19, G. Watts138, S. Watts85, B.M. Waugh79, S. Webb84, M.S. Weber18, S.W. Weber173,
J.S. Webster6, A.R. Weidberg120, B. Weinert62, J. Weingarten56, C. Weiser50, H. Weits107, P.S. Wells32,
T. Wenaus27, T. Wengler32, S. Wenig32, N. Wermes23, M. Werner50, M.D. Werner65, P. Werner32,
M. Wessels59a, J. Wetter161, K. Whalen116, N.L. Whallon138, A.M. Wharton73, A. White8, M.J. White1,
R. White34b, D. Whiteson162, F.J. Wickens131, W. Wiedenmann172, M. Wielers131, P. Wienemann23,
C. Wiglesworth38, L.A.M. Wiik-Fuchs23, A. Wildauer101, F. Wilk85, H.G. Wilkens32, H.H. Williams122,
S. Williams107, C. Willis91, S. Willocq87, J.A. Wilson19, I. Wingerter-Seez5, F. Winklmeier116,
O.J. Winston149, B.T. Winter23, M. Wittgen143, J. Wittkowski100, T.M.H. Wolf107, M.W. Wolter41,
H. Wolters126a,126c, S.D. Worm131, B.K. Wosiek41, J. Wotschack32, M.J. Woudstra85, K.W. Wozniak41,
M. Wu57, M. Wu33, S.L. Wu172, X. Wu51, Y. Wu90, T.R. Wyatt85, B.M. Wynne48, S. Xella38, D. Xu35a,
L. Xu27, B. Yabsley150, S. Yacoob145a, D. Yamaguchi157, Y. Yamaguchi118, A. Yamamoto67,
S. Yamamoto155, T. Yamanaka155, K. Yamauchi103, Y. Yamazaki68, Z. Yan24, H. Yang35e, H. Yang172,
Y. Yang151, Z. Yang15, W-M. Yao16, Y.C. Yap81, Y. Yasu67, E. Yatsenko5, K.H. Yau Wong23, J. Ye42,
S. Ye27, I. Yeletskikh66, A.L. Yen58, E. Yildirim84, K. Yorita170, R. Yoshida6, K. Yoshihara122,
C. Young143, C.J.S. Young32, S. Youssef24, D.R. Yu16, J. Yu8, J.M. Yu90, J. Yu65, L. Yuan68,
S.P.Y. Yuen23, I. Yusuff30,ar, B. Zabinski41, R. Zaidan35d, A.M. Zaitsev130,ae, N. Zakharchuk44,
J. Zalieckas15, A. Zaman148, S. Zambito58, L. Zanello132a,132b, D. Zanzi89, C. Zeitnitz174, M. Zeman128,
A. Zemla40a, J.C. Zeng165, Q. Zeng143, K. Zengel25, O. Zenin130, T. Ženiš144a, D. Zerwas117,
D. Zhang90, F. Zhang172, G. Zhang35b,am, H. Zhang35c, J. Zhang6, L. Zhang50, R. Zhang23,
R. Zhang35b,as, X. Zhang35d, Z. Zhang117, X. Zhao42, Y. Zhao35d, Z. Zhao35b, A. Zhemchugov66,
J. Zhong120, B. Zhou90, C. Zhou47, L. Zhou37, L. Zhou42, M. Zhou148, N. Zhou35f, C.G. Zhu35d,
H. Zhu35a, J. Zhu90, Y. Zhu35b, X. Zhuang35a, K. Zhukov96, A. Zibell173, D. Zieminska62, N.I. Zimine66,
C. Zimmermann84, S. Zimmermann50, Z. Zinonos56, M. Zinser84, M. Ziolkowski141, L. Živković14,
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