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Search for H → γγ produced in association with top quarks and constraints on the Yukawa
coupling between the top quark and the Higgs boson using data taken at 7 TeV and 8 TeV

with the ATLAS detector

The ATLAS Collaboration

Abstract

A search is performed for Higgs bosons produced in association with top quarks using the diphoton decay mode of the Higgs
boson. Selection requirements are optimized separately for leptonic and fully hadronic final states from the top quark decays. The
dataset used corresponds to an integrated luminosity of 4.5 fb−1 of proton–proton collisions at a center-of-mass energy of 7 TeV and
20.3 fb−1 at 8 TeV recorded by the ATLAS detector at the CERN Large Hadron Collider. No significant excess over the background
prediction is observed and upper limits are set on the tt̄H production cross section. The observed exclusion upper limit at 95%
confidence level is 6.7 times the predicted Standard Model cross section value. In addition, limits are set on the strength of the
Yukawa coupling between the top quark and the Higgs boson, taking into account the dependence of the tt̄H and tH cross sections
as well as the H → γγ branching fraction on the Yukawa coupling. Lower and upper limits at 95% confidence level are set at −1.3
and +8.0 times the Yukawa coupling strength in the Standard Model.
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1. Introduction

After the decades-long search for the Higgs boson [1–3], a
particle consistent with the Standard Model (SM) Higgs boson
has been discovered at the Large Hadron Collider (LHC) [4, 5].
A notable property of the SM Higgs boson is its predicted large
Yukawa coupling to top quarks, YSM

t . The measurement of Yt is
particularly important for understanding electroweak symmetry
breaking and allows for testing theories beyond the SM (BSM).

The value of Yt is indirectly tested by measurements sensi-
tive to gluon fusion, ggF, the dominant Higgs boson production
mechanism at the LHC, which receives large contributions from
loop diagrams involving the top quark. In addition, Yt is probed
in the decay of the Higgs boson to two photons, H → γγ, as the
decay width also involves loop diagrams with top quarks [6].
However, Yt can be directly measured in the production of top–
antitop quark pairs, tt̄, in association with a Higgs boson [7–11],
tt̄H.

The production of the Higgs boson in association with a sin-
gle top quark, tH,1 is also sensitive to Yt. Three processes con-
tribute to tH production [12–16]: t-channel (tHqb) production,
WtH production and s-channel tH production. The s-channel
production is neglected in this Letter due to the much smaller
cross section compared to tHqb and WtH production. Exam-
ples of Feynman diagrams for tHqb and WtH production are
shown in Fig. 1.

In the SM, tH production is suppressed by the destructive in-
terference between t-channel diagrams with Higgs bosons emit-
ted from top quark and W boson lines, as for example shown in

1 For simplicity, tH refers equally to t̄H in this Letter.
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Fig. 1: Feynman diagrams showing examples for tHqb (a, b) and WtH produc-
tion (c, d). Higgs boson radiation off top quark and W boson lines is depicted.
The tHqb process is shown in the four-flavor scheme where no b-quarks are
assumed to be present in the proton [17].

Fig. 1 (a) and Fig. 1 (b). In BSM theories [13–16], however,
Yt can have non-SM values, and in particular the relative sign
between Yt and gHWW , which quantifies the coupling between
the Higgs boson and the W boson, can be different from the SM
prediction, which could lead to constructive instead of destruc-
tive interference in tH production. Hence, the tH production
cross section is not only sensitive to the magnitude of Yt but, in
contrast to tt̄H production, it is also sensitive to the relative sign
of Yt with respect to gHWW . A scale factor, κt, is introduced to
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describe the relation between Yt and its SM value: Yt = κtYSM
t .

Values of κt , 1 imply modifications of the Brout–Englert–
Higgs mechanism and are assumed here to leave the top quark
mass and decay properties unchanged. Furthermore, only SM
particles are assumed to contribute to the decay width of the
Higgs boson.

This Letter reports a search for H → γγ in association with
top quarks using data recorded with the ATLAS detector [18].
Measurements in the H → γγ decay channel are challenging
due to the small branching fraction in the SM, BR(H → γγ) =

2.28 × 10−3 for Higgs boson masses, mH , around 125 GeV.
However, the diphoton final state allows the diphoton invari-
ant mass, mγγ, to be reconstructed with excellent resolution,
strongly reducing the contribution from the backgrounds, which
have a falling mγγ spectrum, referred to as continuum back-
ground in the following. The contribution from the continuum
background can be derived from data sidebands, thus not rely-
ing on theory assumptions. A previous search for tt̄H produc-
tion by the CMS Collaboration has explored hadronic, diphoton
and leptonic final states of the Higgs boson [19], setting an up-
per limit at the 95% confidence level (CL) on the ratio of the
observed tt̄H production cross section to the SM expectation,
called the signal strength µtt̄H , of 4.5.

This Letter also reports lower and upper limits at 95% CL
on κt, taking into account the changes in the tt̄H and tH cross
sections as well as the H → γγ branching fraction [14–16].
BSM theories with values of Yt , YSM

t are hence constrained.

2. The ATLAS detector

The ATLAS detector consists of an inner tracking detector
system, electromagnetic and hadronic calorimeters, and an ex-
ternal muon spectrometer. Charged particles in the pseudora-
pidity 2 range |η| < 2.5 are reconstructed with the inner track-
ing detector, which is immersed in a 2 T axial field provided
by a superconducting solenoid, and consists of pixel and mi-
crostrip semiconductor detectors, as well as a straw-tube tran-
sition radiation tracker. The solenoid is surrounded by sam-
pling calorimeters, which span the pseudorapidity range up to
|η| = 4.9. High-granularity liquid-argon (LAr) electromagnetic
calorimeters are present up to |η| = 3.2. Hadronic calorimeters
with scintillator tiles as active material cover |η| < 1.74, while
LAr technology is used for hadronic calorimetry from |η| = 1.5
to |η| = 4.9. Outside the calorimeter system, air-core toroids
provide a magnetic field for the muon spectrometer. Three sta-
tions of precision drift tubes and cathode strip chambers pro-
vide a measurements of muon tracks in the region |η| < 2.7.
Resistive-plate and thin-gap chambers provide muon triggering

2ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point (IP) in the centre of the detector and the z-axis along the
beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse
plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle θ as η = − ln tan(θ/2). The transverse
momentum is defined as pT = p sin θ = p/ cosh η, and the transverse energy
ET has an analogous definition.

capability up to |η| < 2.4. A detailed description of the ATLAS
detector can be found in Ref. [18].

3. Data and Monte Carlo samples

3.1. Data samples

Data used for this analysis were recorded in pp collisions
at
√

s = 7 TeV and 8 TeV in 2011 and 2012, respectively. All
events satisfy data quality requirements ensuring proper func-
tioning of the detector and trigger subsystems. The resulting
datasets correspond to integrated luminosities of 4.5 fb−1 and
20.3 fb−1, respectively [20]. For the 7 TeV dataset, events were
triggered with a diphoton trigger with a threshold of 20 GeV on
the transverse energy of each photon candidate. For the 8 TeV
dataset, these thresholds were raised to 35 GeV for the highest-
ET (leading) photon candidate and 25 GeV for the second-
highest-ET (subleading) photon candidate.

3.2. Monte Carlo samples

The contribution from the continuum background is directly
estimated from data. All processes involving H → γγ de-
cays, however, are estimated using Monte Carlo (MC) simu-
lation samples.

The production of tt̄H events is modeled using next-
to-leading-order (NLO) matrix elements obtained with the
HELAC-Oneloop package [21], where Powheg-BOX [22–24]
is interfaced to Pythia 8.1 [25] for showering and hadroniza-
tion. CT10 [26] parton distribution functions (PDF) and the
AU2 underlying event tune [27, 28] are used. Production
of tHqb is simulated with MadGraph [29] in the four-flavor
scheme with the CT10 PDF set, which provides a better de-
scription of the kinematics of the spectator b-quark than the
five-flavor scheme [17]. Pythia 8.1 is used for showering and
hadronization. Production of WtH is simulated in the five-
flavor scheme by MadGraph5 aMC@NLO [30] interfaced to
Herwig++ [31] using the CT10 PDF set. All tH samples are
produced for three different values of κt: −1, 0 and +1. In
the simulation of tt̄H, tHqb and WtH processes, diagrams with
Higgs bosons radiated in the top quark decay are not taken into
account because such contributions are negligible [32].

Higgs boson production by ggF and vector-boson fusion
(VBF) is simulated with Powheg-BOX [33, 34] interfaced to
Pythia 8.1 for showering and hadronization with CT10 PDF.
Production of a Higgs boson in association with a W or Z boson
(WH, ZH) is simulated with Pythia 8.1 using CTEQ6L1 [35]
PDF.

All MC samples are generated at mH = 125 GeV and are
passed through a full GEANT4 [36] simulation of the AT-
LAS detector [37]. The simulated samples have additional
pp collision events, pile-up, simulated by Pythia 8.1 added
and weighted such that the average number of interactions per
bunch-crossing is the same as in data.

The cross sections for tt̄H production were calculated at NLO
in quantum chromodynamics (QCD) [7, 9, 38, 39]. The cross
sections for tHqb production are calculated for different val-
ues of κt at LO using MadGraph with the renormalization and
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factorization scales set to 75 GeV, and with a minimum pT,q
requirement of 10 GeV, consistent with the generated MC sam-
ples. LO-to-NLO K-factors are obtained by comparing the LO
cross sections with the NLO cross sections calculated using
MadGraph5 aMC@NLO. The cross sections for WtH produc-
tion are calculated for different values of κt at NLO using Mad-
Graph5 aMC@NLO with dynamic renormalization and factor-
ization scales. Interference effects with tt̄H production are not
considered, but are believed to be small given that WtH is pro-
duced mostly without a second high-pT b-quark in the final
state.

The cross sections for ggF production were calculated at
next-to-next-to-leading order (NNLO) in QCD [40–45]. In
addition, QCD soft-gluon resummation up to next-to-next-to-
leading logarithms [46] is adopted to improve the NNLO calcu-
lation, and NLO electroweak (EW) corrections are applied [47,
48]. The cross sections for VBF production were calculated in-
cluding NLO QCD and EW corrections [49–51]. In addition,
approximate NNLO QCD corrections are applied [52]. The
cross sections for WH and ZH production were calculated at
NLO [53] and NNLO [54] in QCD. Moreover, NLO EW cor-
rections [55] are applied.

The theoretical uncertainties on the Higgs boson production
cross sections come from varying the renormalization and fac-
torization scales and from uncertainties on the parton distribu-
tion functions [26, 56–58]. The Higgs boson decay branching
fractions are taken from Refs. [59–62] and their uncertainties
are compiled in Refs. [63, 64]. A summary of the cross-section
values and their uncertainties is given in Table 1.

Table 1: Production cross sections for the various Higgs boson processes
at 7 TeV and 8 TeV before taking into account the BR(H → γγ) at mH =

125 GeV. Also quoted are the theoretical uncertainties from variations of the
renormalization and factorization scales and uncertainties on the parton distri-
bution functions [63, 64].

Process σ [pb] at 7 TeV σ [pb] at 8 TeV
tt̄H 0.086+0.008

−0.011 0.129+0.012
−0.016

tHqb, κt = +1 0.0111+0.0009
−0.0008 0.0172+0.0012

−0.0011

tHqb, κt = 0 0.040+0.003
−0.003 0.059+0.004

−0.004

tHqb, κt = −1 0.129+0.010
−0.009 0.197+0.014

−0.013

WtH, κt = +1 0.0029+0.0007
−0.0006 0.0047+0.0010

−0.0009

WtH, κt = 0 0.0043+0.0011
−0.0008 0.0073+0.0017

−0.0013

WtH, κt = −1 0.016+0.004
−0.003 0.027+0.006

−0.005

ggF 15.1 ± 1.6 19.3 ± 2.0
VBF 1.22 ± 0.03 1.58 ± 0.04
WH 0.579 ± 0.016 0.705 ± 0.018
ZH 0.335 ± 0.013 0.415 ± 0.017

4. Object and event selection

4.1. Object selection
Photons are reconstructed [65] from clusters of cells in the

electromagnetic calorimeter in the region |η| < 2.37 exclud-

ing the transition region, 1.37 < |η| < 1.56, between the bar-
rel and endcap calorimeters. Unconverted photons are required
to have no tracks associated with them; clusters from photons
converted in the material between the production vertex and the
calorimeter are allowed to have one or two associated tracks.
The energies of the clusters are calibrated, separately for un-
converted and converted photon candidates, in order to account
for energy losses upstream of the calorimeter and for energy
leakage outside of the cluster. Photons are required to pass a set
of selection requirements on the reconstructed shower shape as
well as the following isolation requirements: the sum of the pT
of all particles featuring tracks with pT > 1 GeV in a cone of

size ∆R ≡
√

(∆η)2 + (∆φ)2 = 0.2 around the photon is required
to be smaller than 2.6 (2.2) GeV for the

√
s = 8 TeV (7 TeV)

data. Tracks from converted photons are excluded from the
sum. Moreover, the sum of the ET values in the calorimeter
cells in a cone of size ∆R = 0.4 around the photon is required
to be smaller than 6 (5.5) GeV for the 8 TeV (7 TeV) data. The
calorimeter isolation is corrected for photon energy leakage. It
is also corrected event-by-event by using the ambient energy
from pile-up and the underlying event [66, 67]. Only events
with two photons are retained and a diphoton vertex is recon-
structed by a neural-network-based algorithm [68], which uses
as input the trajectories of the two photons and the tracks asso-
ciated with different vertex candidates. The photon trajectory is
determined from the longitudinal profile of the photon shower
in the calorimeter, the average pp collision point, and for con-
verted photons from the direction of the associated tracks. The
leading (subleading) photon is required to have ET > 0.35×mγγ

(0.25 × mγγ), and the diphoton mass is required to be between
105 GeV and 160 GeV.

Electrons are reconstructed [69] from clusters of cells in the
electromagnetic calorimeter with an associated track. Only
clusters in the region |η| < 2.47 are considered and are required
to fulfill requirements on their shape to be consistent with an
electron. The electron ET has to be larger than 15 GeV. In
addition, electrons must be isolated: the ET in a cone of size
∆R = 0.4 around the electron and the sum of the transverse
momenta of the tracks in a cone of size ∆R = 0.2 around the
electron must be smaller than 20% and 15% of the electron ET,
respectively.

Muons are reconstructed [70] by combining tracks in the in-
ner detector with tracks or track-segments in the muon spec-
trometer. Muons are required to satisfy |η| < 2.7 and pT >
10 GeV and have to be isolated: muons closer than ∆R = 0.4 to
a jet or to one of the two photons are not considered. Moreover,
the ET in a cone of size ∆R = 0.4 around the muon and the
sum of the transverse momenta of the tracks in a cone of size
∆R = 0.2 around the muon must be smaller than 20% and 15%
of the muon pT, respectively.

Jets are reconstructed from clusters of cells in the calorime-
ter with the anti-kt algorithm [71] with a radius parameter of
0.4. They are calibrated to the hadronic energy scale [72], and
only those with pT > 25 GeV and |η| < 2.5 are considered. The
jet energy is corrected for energy deposits from additional soft
interactions in the event [73]. In order to suppress jets from
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Table 2: Expected numbers of H → γγ events (NH) from an SM Higgs boson with mH = 125.4 GeV after the event selection. These combined yields are normalized
to 4.5 fb−1 for the 7 TeV data and to 20.3 fb−1 for the 8 TeV data, and are listed in the table along with the percent contribution of each Higgs boson production
process with respect to the sum of all Higgs boson production processes. The numbers of fitted continuum background events (NB) for the 7 TeV and 8 TeV data are
also shown, where NB is the integral of the continuum background in the mγγ range 120–130 GeV , which is determined by an unbinned signal-plus-background fit to
all categories with one common scale factor for the H → γγ normalization. The uncertainty on NB is the statistical uncertainty calculated from δNB = δNtotNB/Ntot,
where Ntot is the total number of background events in the full mγγ range 105–160 GeV estimated from an unbinned signal-plus-background likelihood fit, and δN
denotes the Poisson uncertainty on N.

Category NH ggF VBF WH ZH tt̄H tHqb WtH NB

7 TeV leptonic selection 0.10 0.6 0.1 14.9 4.0 72.6 5.3 2.5 0.5+0.5
−0.3

7 TeV hadronic selection 0.07 10.5 1.3 1.3 1.4 80.9 2.6 1.9 0.5+0.5
−0.3

8 TeV leptonic selection 0.58 1.0 0.2 8.1 2.3 80.3 5.6 2.6 0.9+0.6
−0.4

8 TeV hadronic selection 0.49 7.3 1.0 0.7 1.3 84.2 3.4 2.1 2.7+0.9
−0.7

additional interactions, the jet vertex fraction (JVF) must be
larger than 50% for jets with pT < 50 GeV and |η| < 2.4. The
JVF is defined from the summed track pT as the fraction asso-
ciated with the primary diphoton vertex, where all tracks with
pT > 0.5 GeV matched to the jet are considered.

Jets containing b-quarks are identified with a neural-
network-based b-tagging algorithm, which combines variables
from impact parameter, secondary vertex and decay topology
algorithms evaluating the track parameters associated with the
jet [74]. Three different working points (WP) with efficiencies
of 60%, 70% and 80% for identifying b-jets are used for 8 TeV
data. For 7 TeV data, a slightly different optimization of the
b-tagging algorithm with a WP corresponding to an efficiency
of 85% is used. The b-tagging and mistagging efficiencies are
measured in data using dijet and tt̄ events [75].

The magnitude of the missing transverse momentum in each
event, Emiss

T , is calculated using clusters of cells in the calorime-
ter. Corrections are applied for identified photons, electrons,
muons and jets according to special Emiss

T object identification
requirements [76].

In order to avoid double-counting of reconstructed objects,
electrons with a distance in η–φ space smaller than 0.4 to one
of the two photons, ∆R(e, γ), are not considered. In addition,
jets with ∆R(jet, γ) < 0.4 or ∆R(jet, e) < 0.2 are removed.

4.2. Event selection

In addition to the requirement of two good photons satisfy-
ing the criteria described in Section 4.1, two different event se-
lections were optimized in order to efficiently select leptonic
tt̄H events (leptonic category) as well as all-hadronic tt̄H events
(hadronic category). The optimization targeted an optimal ex-
pected limit on the signal strength µtt̄H in case no evidence for
tt̄H production is found. However, the requirements for the lep-
tonic category are kept loose enough in order to also allow high
selection efficiency for tHqb and WtH production.

In this analysis, we assume that the top quark only decays to
a W boson and a b-quark. The leptonic selection targets both the
single-lepton decays of the tt̄ pairs, where one of the W bosons
decays leptonically and the other one decays hadronically, and
the dilepton decays of tt̄ pairs, where both W bosons decay lep-
tonically. Events are selected by requiring at least one electron
or muon, at least one b-tagged jet using the 80% (85%) WP for
8 TeV (7 TeV) data and Emiss

T > 20 GeV. The Emiss
T requirement

is imposed to reduce backgrounds from final states without top
quarks and it is not used for events with two or more b-tagged
jets. Events with an electron–photon invariant mass in the range
84–94 GeV are rejected in order to reduce the background con-
tribution from Z → ee events with one electron misidentified as
a photon.

The hadronic selection targets events where both W bosons,
from the top quark decays, decay hadronically. No electrons or
muons may be identified in the event. Events must fulfill re-
quirements on the number of jets and the number of b-tagged
jets. For the 8 TeV dataset three sets of requirements are de-
fined, out of which at least one must be satisfied for an event to
be considered:

1. At least six jets, out of which at least two must be b-tagged
using the 80% WP.

2. At least five jets with an increased pT threshold of 30 GeV,
out of which at least two must be b-tagged using the 70%
WP.

3. At least six jets with an increased pT threshold of 30 GeV,
out of which at least one must be b-tagged using the 60%
WP.

These requirements were optimized to suppress in particular the
contribution from ggF Higgs boson production with H → γγ to
the hadronic category, while retaining good sensitivity to tt̄H
production. For the 7 TeV dataset only events with at least six
jets, at least two of which are b-tagged with the 85% WP, are
considered.

Table 2 summarizes the expected numbers of events in each
category for mH = 125.4 GeV, the Higgs boson mass measured
by the ATLAS Collaboration [68]. The breakdown into the dif-
ferent Higgs boson production processes is given. The com-
bined selection efficiencies in the 7 TeV and 8 TeV data for tt̄H
production at mH = 125.4 GeV are approximately 14.6% and
14.8%, respectively. For SM tHqb (WtH) production the com-
bined selection efficiencies for 7 TeV and 8 TeV are approxi-
mately 6.2% (12.9%) and 6.2% (11.9%), respectively.

5. Analysis

In order to separate processes involving H → γγ decays
from the continuum background, a localized excess of events
is searched for in the mγγ spectrum around mH = 125.4 GeV.
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Fig. 2: Distributions of the diphoton invariant mass, mγγ, for the leptonic (left) and hadronic (right) category for data at 7 TeV (top) and data at 8 TeV (bottom). An
unbinned signal-plus-background likelihood fit to the full spectra is used to estimate the number of events from continuum background (solid line) as well as from
SM Higgs boson production (dashed line). The signal strength, µ, is a parameter common to all categories and its best-fit value is µ = 1.4 for mH = 125.4 GeV.

Probability distribution functions for the H → γγ resonance
and continuum background mγγ distributions are defined in the
range of 105–160 GeV as described below, and the numbers of
Higgs boson and continuum background events are estimated
from an unbinned signal-plus-background likelihood fit to the
full mγγ distributions in the leptonic and hadronic categories.
Systematic uncertainties are taken into account as nuisance pa-
rameters, which are fitted within their external constraints.

The sum of a Crystal Ball function [77] and a Gaussian func-
tion is used to describe the mγγ distribution from H → γγ de-
cays obtained from MC simulations [78]. The Gaussian func-
tion accounts only for a small fraction of the total H → γγ
resonance signal, describing small tails of the shape which can-
not be characterized by the Crystal Ball function. The parame-
ters of these functions are interpolated between the values fitted
to a series of MC samples generated in steps of 5 GeV in mH ,
in order to allow for the evaluation of the resonance shape for
intermediate masses including mH = 125.4 GeV, where MC

samples are not available. The relative fraction of the Gaussian
component with respect to the full H → γγ resonance shape
is not varied as a function of mH . Shapes with different pa-
rameter values are defined for the 7 TeV and 8 TeV data. The
mγγ resolution, which is quantified by half of the smallest mγγ

interval containing 68% of the signal events, is 1.42 GeV for
the 7 TeV data and 1.56 GeV for the 8 TeV data in the leptonic
categories. The values in the hadronic categories are consistent
with the ones in the leptonic categories within statistical uncer-
tainties. The small difference in mγγ resolution between 7 TeV
and 8 TeV is due to a difference in the effective constant term
for the calorimeter energy resolution and due to the lower level
of pile-up in the 7 TeV data [68]. The mγγ resolution is dom-
inated by the photon energy resolution. The small change in
acceptance for tt̄H production is interpolated using MC sam-
ples generated with different hypothesized values of mH also.
For all other Higgs boson production processes, the difference
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Table 3: Summary of systematic uncertainties on the final yield of events for 8 TeV data from tt̄H, tHqb and WtH production after applying the leptonic and hadronic
selection requirements. The uncertainties are also shown for other Higgs boson production processes that do not include the associated production of top quarks and
have significant contributions to the event selection. These are WH production in the leptonic category and ggF production in the hadronic category. For both tH
production processes, the maximum uncertainty observed for all values of κt generated (+1, 0, −1) is reported.

tt̄H [%] tHqb [%] WtH [%] ggF [%] WH [%]
had. lep. had. lep. had. lep. had. lep.

Luminosity ±2.8
Photons ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5
Leptons < 0.1 ±0.7 < 0.1 ±0.6 < 0.1 ±0.6 < 0.1 ±0.7

Jets and Emiss
T ±7.4 ±0.7 ±16 ±1.9 ±11 ±2.1 ±29 ±10

Bkg. modeling 0.24 evt. 0.16 evt. applied on the sum of all Higgs boson production processes
Theory (σ × BR) +10,−13 +7,−6 +14,−12 +11,−11 +5.5,−5.4

MC modeling ±11 ±3.3 ±12 ±4.4 ±12 ±4.6 ±130 ±100

in acceptance between mH = 125 GeV and mH = 125.4 GeV is
found to be negligible.

An exponential function, ea mγγ , with a ≤ 0 is chosen for both
categories as a model for the continuum background follow-
ing the method previously used in Ref. [5]. The choice of fit
function is validated in data control regions obtained by loosen-
ing the photon identification and isolation requirements. These
control regions are dominated by jets misidentified as photons,
and the systematic uncertainties derived from these control re-
gions (cf. Section 6) are hence only approximate. In both the
leptonic and the hadronic category, the same continuum back-
ground shape is used for 7 TeV and 8 TeV data, because the
7 TeV data alone is not expected to strongly constrain the pa-
rameter a given the expected low number of events.

In the range 105 GeV < mγγ < 160 GeV, 3 (3) events are
found in the leptonic (hadronic) category in the 7 TeV and 5
(15) events are found in the 8 TeV data. The results of the fits
for the leptonic and hadronic categories are shown in Fig. 2,
separately for 7 TeV and 8 TeV data. The fitted numbers of
continuum background events in a window of 120–130 GeV
are shown in Table 2.

6. Systematic uncertainties

Systematic uncertainties from various sources affect both the
expected number of events for different Higgs boson production
processes and the mγγ resonance shape. An overview of all sys-
tematic uncertainties for 8 TeV data is shown in Table 3 for tt̄H,
tHqb and WtH production. The uncertainties are also shown for
other Higgs boson production processes that do not include the
associated production of top quarks and have significant contri-
butions to the event selection. These are WH production in the
leptonic category and ggF production in the hadronic category.

The uncertainty on the integrated luminosity is 2.8%
(1.8%) for the 8 TeV (7 TeV) data as derived following the
same methodology as that detailed in Ref. [20] using beam-
separation scans. For 8 TeV data, the trigger efficiency [79] was
measured to be 99.5 ± 0.2%. For 7 TeV data, the efficiency was
measured to be compatible with 100% within an uncertainty
of 0.2%. The uncertainty in the combined diphoton identifica-
tion efficiency is 1.0% (8.4%) [80] for 8 TeV (7 TeV) data. Due

to the high jet multiplicity in this analysis an additional uncer-
tainty of 4% is added to account for possible mismodeling of
the photon identification efficiency. This additional uncertainty
is obtained from data–MC comparisons of electron efficiencies
in Z(→ ee)+jets events, where photon identification require-
ments are applied to the electron clusters [81]. Analogously,
an additional uncertainty of 3% is assessed for the efficiency
of the combined diphoton isolation requirement, and is added
in quadrature to the nominal uncertainty of 2.3% (2.1%) in the
hadronic (leptonic) category. The uncertainty on the photon en-
ergy scale [80] was found to have a negligible effect on the ex-
pected yields. Its effect on the peak position, however, is taken
into account, but has a negligible impact on the results. The un-
certainty in the photon energy resolution translates into an un-
certainty on the mγγ resolution, and is based on the resolution
measured with Z → ee events [80]. The total mγγ resolution
uncertainty is 12% for both the 7 TeV and 8 TeV dataset, which
is less than 0.2 GeV.

The uncertainties due to the lepton reconstruction, identifi-
cation, isolation, and energy/momentum scale and resolution
combine to less than 1% for all channels. Uncertainties on the
jet energy scale are taken into account, as well as uncertainties
on the jet energy resolution, and on the modeling of the JVF
and of the b-tagging efficiencies. All object uncertainties which
change the energy or momentum of the corresponding objects
are propagated to the Emiss

T calculation, and additional uncer-
tainties are taken into account for energy deposits which only
enter the Emiss

T calculation, but are not part of other objects.

Systematic uncertainties due to the choice of the contin-
uum background fit model are estimated by fitting continuum
background distributions in control regions with a Higgs boson
plus continuum background model and quantifying the appar-
ent number of Higgs boson events introduced [5]. The system-
atic uncertainty is chosen to be the maximal apparent number of
Higgs boson events in a narrow mass range around 125.4 GeV.
Since the contributions from different background processes in
the control region may be different from their contributions in
the four categories, the estimate of this uncertainty is approxi-
mate, but its impact on the final results is very small. An uncer-
tainty of 0.24 (0.16) events is estimated in the 8 TeV hadronic
(leptonic) category as the apparent number of Higgs boson
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events under the Higgs boson peak. For the 7 TeV dataset, un-
certainties of 0.12 and 0.01 events are estimated, where all of
these numbers have a non-negligible statistical component from
the limited number of events in the control regions considered.
The number of events is lowest in the control region for the
hadronic category in 7 TeV data (266 events).

The theoretical uncertainties on the different Higgs boson
production cross sections due to uncertainties in the PDF, miss-
ing higher-order perturbative QCD corrections estimated by
varying the renormalization and factorization scales, and the
BR(H → γγ) are detailed in Refs. [26, 56–58, 62–64, 82].

Additional uncertainties are included in “MC modeling” in
Table 3. These take into account changes in the acceptance
when the renormalization and factorization scales are varied, an
uncertainty on the modeling of the underlying event, which is
conservatively estimated by comparing MC samples with and
without multiple parton scattering, and an uncertainty due to
the limited number of events present in the MC samples after
the event selection and categorization are applied. Moreover,
uncertainties of 100% are assigned to the expected numbers of
events from ggF, VBF and WH production in association with
additional b-jets. The size of these uncertainties is motivated
by recent measurements of tt̄ and vector-boson production in
association with b-jets [83, 84].

7. Results

In total, 5 candidate events with mγγ in the range 120–
130 GeV are found in the leptonic and hadronic categories. The
total expected yield of Higgs boson production is 1.3 events
compared to a continuum background of 4.6+1.3

−0.9 events (see Ta-
ble 2). The mγγ spectra for the candidate events are shown
in Fig. 2 together with the fitted continuum background and
the total contribution from H → γγ processes, where the sig-
nal strength, µ, is a parameter common to all four categories.
The best-fit signal strength for all H → γγ processes together
is 1.4+2.1

−1.4(stat.)+0.6
−0.3(syst.), where the quoted overall systematic

uncertainty is derived by quadratically subtracting the statis-
tical uncertainty from the total uncertainty. When the yields
for all H → γγ processes, including tH production but not
tt̄H production, are set to their respective SM expected num-
ber of events, a best-fit value of 1.3+2.5

−1.7(stat.)+0.8
−0.4(syst.) is ob-

tained for µtt̄H , which is also shown in the scan of the likeli-
hood in Fig. 3. This best-fit value of µtt̄H is consistent with
the SM expectation of one, but does not represent a significant
excess over the predicted background rate, and CLs-based [85]
95% CL exclusion upper limits are set for tt̄H production times
BR(H → γγ). Limits are set using the asymptotic formulae
discussed in Ref. [86] with the profile likelihood ratio as test
statistic. The results are found to be consistent with limits de-
rived from ensembles of pseudo-experiments. The observed
and expected upper limits for µtt̄H at mH = 125.4 GeV are sum-
marized in Fig. 4 as well as in Table 4, where the expected
limits assume µtt̄H = 0. The non-tt̄H Higgs boson produc-
tion modes, including tH, are fixed to their SM expectations
with corresponding theory and experimental uncertainties as-
signed. An upper limit of 6.7 times the SM cross section times

BR(H → γγ) is observed. Upper limits at 95% CL are also set
on the signal strength of the sum of all H → γγ processes, µ,
and the observed (expected) limit is 5.7 (3.8).
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Fig. 3: Negative log-likelihood scan for the tt̄H cross section times BR(H →
γγ) relative to the SM expectation, µtt̄H , at mH = 125.4 GeV, where all other
Higgs boson production cross sections, including the cross section for tH pro-
duction, are set to their respective SM expectations.

 = 125.4 GeV
H

 at m
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Httσ/Httσ95% CL limit on 
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Combined

Leptonic
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Observed
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Fig. 4: Observed and expected 95% CL upper limits on the tt̄H production
cross section times BR(H → γγ). All other Higgs boson production cross sec-
tions, including the cross section for tH production, are set to their respective
SM expectations. While the expected limits are calculated for the case where
tt̄H production is not present, the lines denoted by “SM signal injected” show
the expected 95% CL limits for a dataset corresponding to continuum back-
ground plus SM Higgs boson production. The limits are given relative to the
SM expectations and at mH = 125.4 GeV.

These results are also interpreted as 95% CL limits on the
strength parameter κt of the top quark–Higgs boson Yukawa
coupling. Variations in κt not only change the production cross
sections of the tt̄H and tH processes, but also affect BR(H →
γγ), and the cross sections of the other Higgs boson production
processes [82]. Fig. 5 illustrates the dependence of the tt̄H and
tH cross sections and of the BR(H → γγ) on κt. For κt = 0,
the tt̄H process is turned off, and the top quark contribution to
tH production and to the loop-induced H → γγ decay is re-

7



tκ
2 0 2 4 6 8 10

E
x
p

e
c
ta

ti
o

n
 w

.r
.t

 S
M

410

3
10

210

110

1

10

210

ATLAS

γγ →H , Htt

 = 125.4 GeV
H

m = 8 TeV, s

SM

)γγ →H (
SM

BR

)γγ →H BR(

)Htt(
SM

σ)/Htt(σ

)tH(
SM

σ)/tH(σ

Fig. 5: Production cross sections for tt̄H and tH divided by their SM expec-
tations as a function of the scale factor to the top quark-Higgs boson Yukawa
coupling, κt . Production of tH comprises the tHqb and WtH processes. Also
shown is the dependence of the BR(H → γγ) with respect to its SM expectation
on κt .

moved, leaving mainly the contribution from W bosons. For
values of κt < 0, on the other hand, the interference between
contributions from W bosons and top quarks to tH production
and to the BR(H → γγ) becomes constructive, thus enhancing
the two processes with respect to their respective SM expecta-
tions. Cancellations of the contributions of top quarks and W
bosons to the loop-induced H → γγ decay lead to a minimum
of the BR(H → γγ) around a value of κt = +4.7. The combined
selection efficiency differs slightly for the three values of κt for
which tHqb and WtH MC samples were generated. From these,
the efficiency at different values of κt in the range [−3, +10] is
calculated by combining reweighted MC samples with κt = +1,
0 and −1. The weight for each sample is assigned in such a
way that the cross-section value from the combination follows
the prediction shown in Fig. 5. The largest relative difference
with respect to the efficiency at κt = +1 over the entire range is
found to be 14% (20%) for tHqb (WtH) production.

All H → γγ processes are considered and 95% CL limits
are set on the total Higgs boson production cross section times
BR(H → γγ) with respect to the SM cross section for different
values of κt. Coupling strengths other than κt are set to their re-
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Table 4: Observed and expected 95% CL upper limits on the tt̄H production cross section times BR(H → γγ) relative to the SM cross section times BR(H → γγ)
at mH = 125.4 GeV. All other Higgs boson production cross sections, including the cross section for tH production, are set to their respective SM expectations. In
addition, the expected limits corresponding to +2σ, +1σ, −1σ, and −2σ variations are shown. The expected limits are calculated for the case where tt̄H production
is not present. The results are given for the combination of leptonic and hadronic categories with all systematic uncertainties included, and also for leptonic and
hadronic categories separately, as well as for the expected limits additionally with only statistical uncertainties considered.

Observed limit Expected limit +2σ +1σ −1σ −2σ
Combined (with systematics) 6.7 4.9 11.9 7.5 3.5 2.6
Combined (statistics only) 4.7 10.5 7.0 3.4 2.5
Leptonic (with systematics) 10.7 6.6 16.5 10.1 4.7 3.5
Leptonic (statistics only) 6.4 15.1 9.6 4.6 3.4
Hadronic (with systematics) 9.0 10.1 25.4 15.6 7.3 5.4
Hadronic (statistics only) 9.5 21.4 14.1 6.8 5.1
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spective SM values. The continuum background plus SM Higgs
boson production (κt = +1) is taken as alternative hypothesis.

The observed and expected limits on κt at mH = 125.4 GeV
are summarized in Fig. 6, where the observed (expected) lower
and upper limits on κt at 95% CL are −1.3 and +8.0 (−1.2 and
+7.8). The expected limits assume κt = +1. The form of the
limit curve shown in Fig. 6 is the result of the different depen-
dencies of the different Higgs boson production processes as
well as the BR(H → γγ) on κt. The negative log-likelihood
scan of κt is shown in Fig. 7 and it shows that the data are consis-
tent with the SM expectation of κt = +1. Although two different
values of κt exist with the same total number of expected events,
there are no double minima at zero shown in Fig. 6 because dif-
ferent relative contributions from the Higgs boson production
processes in different categories have lifted the degeneracy of
the likelihood.

8. Conclusion

A search for Higgs boson production in association with top
quarks in the H → γγ decay channel is presented using leptonic
and hadronic tt̄ decays. Data at 7 TeV and 8 TeV corresponding
to 4.5 fb−1 and 20.3 fb−1 taken in pp collisions with the ATLAS
detector at the LHC were analyzed. No significant excess over
the background prediction is observed and upper limits at 95%
CL are set on the tt̄H production cross section. The observed
exclusion limit at mH = 125.4 GeV is found to be 6.7 times the
predicted SM cross section. The corresponding lower and upper
limits on the top quark–Higgs boson Yukawa coupling strength
parameter κt are found to be −1.3 and +8.0, which in particular
constrain models with a negative sign of the coupling.
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[25] T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA 8.1,

Comput. Phys. Commun. 178 (2008) 852–867.
[26] H.-L. Lai, et al., New parton distributions for collider physics, Phys. Rev.

D 82 (2010) 074024. arXiv:1007.2241, doi:10.1103/PhysRevD.
82.074024.

[27] ATLAS Collaboration, New ATLAS event generator tunes to 2010 data,
Tech. Rep. ATL-PHYS-PUB-2011-008 (April 2011).
URL https://cds.cern.ch/record/1345343

[28] ATLAS Collaboration, ATLAS tunes of PYTHIA 6 and Pythia 8 for
MC11, Tech. Rep. ATL-PHYS-PUB-2011-009 (July 2011).
URL https://cds.cern.ch/record/1363300

[29] F. Maltoni, T. Stelzer, MadEvent: Automatic event generation with Mad-
Graph, JHEP 0302 (2003) 027. arXiv:hep-ph/0208156.

[30] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, et al., The
automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP
1407 (2014) 079. arXiv:1405.0301, doi:10.1007/JHEP07(2014)
079.
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[55] M. Ciccolini, S. Dittmaier, M. Krämer, Electroweak radiative corrections

to associated WH and ZH production at hadron colliders, Phys. Rev. D 68
(2003) 073003. arXiv:hep-ph/0306234, doi:10.1103/PhysRevD.
68.073003.

[56] M. Botje, et al., The PDF4LHC working group interim recommenda-
tionsarXiv:1101.0538.

[57] A. Martin, W. Stirling, R. Thorne, G. Watt, Parton distributions for the
LHC, Eur. Phys. J. C 63 (2009) 189. arXiv:0901.0002, doi:10.1140/
epjc/s10052-009-1072-5.

[58] R. D. Ball, et al., Impact of heavy quark masses on parton distributions
and LHC phenomenology, Nucl. Phys. B 849 (2011) 296. arXiv:1101.
1300, doi:10.1016/j.nuclphysb.2011.03.021.

[59] A. Djouadi, J. Kalinowski, M. Spira, HDECAY: A Program for Higgs
boson decays in the Standard Model and its supersymmetric extension,
Comput. Phys. Commun. 108 (1998) 56. arXiv:hep-ph/9704448,
doi:10.1016/S0010-4655(97)00123-9.

[60] A. Bredenstein, A. Denner, S. Dittmaier, M. Weber, Precise predictions
for the Higgs-boson decay H → WW/ZZ → 4 leptons, Phys. Rev. D 74
(2006) 013004. arXiv:hep-ph/0604011, doi:10.1103/PhysRevD.
74.013004.

[61] S. Actis, G. Passarino, C. Sturm, S. Uccirati, NNLO computational tech-
niques: The cases H → γγ and H → gg, Nucl. Phys. B 811 (2009) 182.
arXiv:0809.3667, doi:10.1016/j.nuclphysb.2008.11.024.

[62] A. Denner, S. Heinemeyer, I. Puljak, D. Rebuzzi, M. Spira, Stan-
dard Model Higgs-boson branching ratios with uncertainties, Eur. Phys.
J. C 71 (2011) 1753. arXiv:1107.5909, doi:10.1140/epjc/

s10052-011-1753-8.
[63] LHC Higgs Cross Section Working Group, S. Dittmaier, C. Mariotti,

G. Passarino, R. Tanaka (Eds.), Handbook of LHC Higgs Cross Sections:
1. Inclusive Observables, CERN-2011-002arXiv:1101.0593.

[64] LHC Higgs Cross Section Working Group, S. Dittmaier, C. Mariotti,
G. Passarino, R. Tanaka (Eds.), Handbook of LHC Higgs Cross Sections:
2. Differential Distributions, CERN-2012-002arXiv:1201.3084.

[65] ATLAS Collaboration, Expected photon performance in the ATLAS ex-
periment, Tech. Rep. ATLAS-PHYS-PUB-2011-007 (April 2011).
URL https://cds.cern.ch/record/1345329

[66] M. Cacciari, G. P. Salam, S. Sapeta, On the characterisation of the
underlying event, JHEP 1004 (2010) 065. arXiv:0912.4926, doi:
10.1007/JHEP04(2010)065.

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

√
s = 7 TeV with the AT-

LAS detector, Phys. Rev. D 83 (2011) 052005. arXiv:1012.4389,
doi:10.1103/PhysRevD.83.052005.

[68] ATLAS Collaboration, Measurement of the Higgs boson mass from the
H → γγ and H → ZZ∗ → 4` channels with the ATLAS detector using
25 fb−1 of pp collision data, Phys.Rev. D90 (2014) 052004. arXiv:

1406.3827, doi:10.1103/PhysRevD.90.052004.
[69] ATLAS Collaboration, Electron reconstruction and identification effi-

ciency measurements with the ATLAS detector using the 2011 LHC
proton-proton collision data, Eur. Phys. J. C 74 (2014) 2941. arXiv:

1404.2240, doi:10.1140/epjc/s10052-014-2941-0.
[70] ATLAS Collaboration, Muon reconstruction efficiency and momentum

resolution of the ATLAS experiment in proton-proton collisions at
√

s =

7 TeV in 2010, Eur. Phys. J. C 74 (9) (2014) 3034. arXiv:1404.4562,
doi:10.1140/epjc/s10052-014-3034-9.

[71] M. Cacciari, G. P. Salam, G. Soyez, The Anti-k(t) jet clustering al-
gorithm, JHEP 0804 (2008) 063. arXiv:0802.1189, doi:10.1088/
1126-6708/2008/04/063.

[72] ATLAS Collaboration, Jet energy measurement and its systematic uncer-
tainty in proton–proton collisions at

√
s = 7 TeV with the ATLAS detec-

tor, accepted by Eur. Phys. J. C. arXiv:1406.0076.
[73] M. Cacciari, G. P. Salam, Pileup subtraction using jet areas, Phys. Lett. B

659 (2008) 119. doi:10.1016/j.physletb.2007.09.077.
[74] ATLAS Collaboration, Commissioning of the ATLAS high-performance

b-tagging algorithms in the 7 TeV collision data, Tech. Rep. ATLAS-
CONF-2011-102 (July 2011).
URL https://cdsweb.cern.ch/record/1369219

[75] ATLAS Collaboration, Calibration of the performance of b-tagging for
c and light-flavour jets in the 2012 ATLAS data, Tech. Rep. ATLAS-
CONF-2014-046 (July 2014).
URL https://cdsweb.cern.ch/record/1741020

[76] ATLAS Collaboration, Performance of missing transverse momentum
reconstruction in ATLAS with 2011 proton-proton collisions at

√
s =

7 TeV, Tech. Rep. ATLAS-CONF-2012-101 (July 2012).
URL https://cdsweb.cern.ch/record/1463915

[77] M. Oreglia, Charmonium spectroscopy from radiative decays of the J/ψ
and ψ′, Ph.D. thesis (1980).

[78] ATLAS Collaboration, Measurement of Higgs boson production in the
diphoton decay channel in pp collisions at center-of-mass energies of 7
and 8 TeV with the ATLAS detector, accepted by Phys. Rev. D. arXiv:
1408.7084.

[79] ATLAS Collaboration, Performance of the ATLAS Trigger System in
2010, Eur. Phys. J. C 72 (2012) 1849. arXiv:1110.1530, doi:10.
1140/epjc/s10052-011-1849-1.

[80] ATLAS Collaboration, Electron and photon energy calibration with
the ATLAS detector using LHC Run 1 data, Eur. Phys. J. C
74 (10) (2014) 3071. arXiv:1407.5063, doi:10.1140/epjc/

s10052-014-3071-4.
[81] ATLAS Collaboration, Search for top quark decays t → qH with H → γγ

using the ATLAS detector, JHEP 1406 (2014) 008. arXiv:1403.6293,
doi:10.1007/JHEP06(2014)008.

[82] LHC Higgs Cross Section Working Group, S. Heinemeyer, C. Mariotti,
G. Passarino, R. Tanaka (Eds.), Handbook of LHC Higgs Cross Sections:
3. Higgs Properties, CERN-2013-004arXiv:1307.1347.

[83] ATLAS Collaboration, A study of heavy flavor quarks produced in asso-
ciation with top quark pairs at

√
s = 7 TeV using the ATLAS detector,

Phys. Rev. D 89 (2014) 072012. arXiv:1304.6386, doi:10.1103/
PhysRevD.89.072012.

[84] ATLAS Collaboration, Measurement of the cross-section for W boson
production in association with b-jets in pp collisions at

√
s = 7 TeV with

the ATLAS detector, JHEP 1306 (2013) 084. arXiv:1302.2929, doi:
10.1007/JHEP06(2013)084.

[85] A. L. Read, Presentation of search results: The CLs technique, J. Phys.
G28 (2002) 2963–2704.

[86] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for
likelihood-based tests of new physics, Eur. Phys. J. C 71 (2011) 1554.
arXiv:1007.1727.

12

http://arxiv.org/abs/hep-ph/0306211
http://arxiv.org/abs/hep-ph/0404071
http://dx.doi.org/10.1016/j.physletb.2004.06.063
http://dx.doi.org/10.1016/j.physletb.2004.06.063
http://arxiv.org/abs/0809.1301
http://dx.doi.org/10.1016/j.physletb.2008.10.018
http://dx.doi.org/10.1016/j.physletb.2008.10.018
http://arxiv.org/abs/0707.0381
http://dx.doi.org/10.1103/PhysRevLett.99.161803
http://dx.doi.org/10.1103/PhysRevLett.99.161803
http://arxiv.org/abs/0710.4749
http://dx.doi.org/10.1103/PhysRevD.77.013002
http://dx.doi.org/10.1103/PhysRevD.77.013002
http://arxiv.org/abs/0811.4559
http://dx.doi.org/10.1016/j.cpc.2009.03.006
http://arxiv.org/abs/1003.4451
http://dx.doi.org/10.1103/PhysRevLett.105.011801
http://dx.doi.org/10.1016/0370-2693(91)90572-8
http://dx.doi.org/10.1016/0370-2693(91)90572-8
http://arxiv.org/abs/hep-ph/0307206
http://dx.doi.org/10.1016/j.physletb.2003.10.112
http://dx.doi.org/10.1016/j.physletb.2003.10.112
http://arxiv.org/abs/hep-ph/0306234
http://dx.doi.org/10.1103/PhysRevD.68.073003
http://dx.doi.org/10.1103/PhysRevD.68.073003
http://arxiv.org/abs/1101.0538
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/1101.1300
http://arxiv.org/abs/1101.1300
http://dx.doi.org/10.1016/j.nuclphysb.2011.03.021
http://arxiv.org/abs/hep-ph/9704448
http://dx.doi.org/10.1016/S0010-4655(97)00123-9
http://arxiv.org/abs/hep-ph/0604011
http://dx.doi.org/10.1103/PhysRevD.74.013004
http://dx.doi.org/10.1103/PhysRevD.74.013004
http://arxiv.org/abs/0809.3667
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.024
http://arxiv.org/abs/1107.5909
http://dx.doi.org/10.1140/epjc/s10052-011-1753-8
http://dx.doi.org/10.1140/epjc/s10052-011-1753-8
http://arxiv.org/abs/1101.0593
http://arxiv.org/abs/1201.3084
https://cds.cern.ch/record/1345329
https://cds.cern.ch/record/1345329
https://cds.cern.ch/record/1345329
http://arxiv.org/abs/0912.4926
http://dx.doi.org/10.1007/JHEP04(2010)065
http://dx.doi.org/10.1007/JHEP04(2010)065
http://arxiv.org/abs/1012.4389
http://dx.doi.org/10.1103/PhysRevD.83.052005
http://arxiv.org/abs/1406.3827
http://arxiv.org/abs/1406.3827
http://dx.doi.org/10.1103/PhysRevD.90.052004
http://arxiv.org/abs/1404.2240
http://arxiv.org/abs/1404.2240
http://dx.doi.org/10.1140/epjc/s10052-014-2941-0
http://arxiv.org/abs/1404.4562
http://dx.doi.org/10.1140/epjc/s10052-014-3034-9
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/1406.0076
http://dx.doi.org/10.1016/j.physletb.2007.09.077
https://cdsweb.cern.ch/record/1369219
https://cdsweb.cern.ch/record/1369219
https://cdsweb.cern.ch/record/1369219
https://cdsweb.cern.ch/record/1741020
https://cdsweb.cern.ch/record/1741020
https://cdsweb.cern.ch/record/1741020
https://cdsweb.cern.ch/record/1463915
https://cdsweb.cern.ch/record/1463915
https://cdsweb.cern.ch/record/1463915
https://cdsweb.cern.ch/record/1463915
http://arxiv.org/abs/1408.7084
http://arxiv.org/abs/1408.7084
http://arxiv.org/abs/1110.1530
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1407.5063
http://dx.doi.org/10.1140/epjc/s10052-014-3071-4
http://dx.doi.org/10.1140/epjc/s10052-014-3071-4
http://arxiv.org/abs/1403.6293
http://dx.doi.org/10.1007/JHEP06(2014)008
http://arxiv.org/abs/1307.1347
http://arxiv.org/abs/1304.6386
http://dx.doi.org/10.1103/PhysRevD.89.072012
http://dx.doi.org/10.1103/PhysRevD.89.072012
http://arxiv.org/abs/1302.2929
http://dx.doi.org/10.1007/JHEP06(2013)084
http://dx.doi.org/10.1007/JHEP06(2013)084
http://arxiv.org/abs/1007.1727


The ATLAS Collaboration

G. Aad84, B. Abbott112, J. Abdallah152, S. Abdel Khalek116, O. Abdinov11, R. Aben106, B. Abi113, M. Abolins89,
O.S. AbouZeid159, H. Abramowicz154, H. Abreu153, R. Abreu30, Y. Abulaiti147a,147b, B.S. Acharya165a,165b,a, L. Adamczyk38a,
D.L. Adams25, J. Adelman177, S. Adomeit99, T. Adye130, T. Agatonovic-Jovin13a, J.A. Aguilar-Saavedra125a,125f , M. Agustoni17,
S.P. Ahlen22, F. Ahmadov64,b, G. Aielli134a,134b, H. Akerstedt147a,147b, T.P.A. Åkesson80, G. Akimoto156, A.V. Akimov95,
G.L. Alberghi20a,20b, J. Albert170, S. Albrand55, M.J. Alconada Verzini70, M. Aleksa30, I.N. Aleksandrov64, C. Alexa26a,
G. Alexander154, G. Alexandre49, T. Alexopoulos10, M. Alhroob165a,165c, G. Alimonti90a, L. Alio84, J. Alison31,
B.M.M. Allbrooke18, L.J. Allison71, P.P. Allport73, A. Aloisio103a,103b, A. Alonso36, F. Alonso70, C. Alpigiani75, A. Altheimer35,
B. Alvarez Gonzalez89, M.G. Alviggi103a,103b, K. Amako65, Y. Amaral Coutinho24a, C. Amelung23, D. Amidei88,
S.P. Amor Dos Santos125a,125c, A. Amorim125a,125b, S. Amoroso48, N. Amram154, G. Amundsen23, C. Anastopoulos140,
L.S. Ancu49, N. Andari30, T. Andeen35, C.F. Anders58b, G. Anders30, K.J. Anderson31, A. Andreazza90a,90b, V. Andrei58a,
X.S. Anduaga70, S. Angelidakis9, I. Angelozzi106, P. Anger44, A. Angerami35, F. Anghinolfi30, A.V. Anisenkov108,c, N. Anjos12,
A. Annovi47, A. Antonaki9, M. Antonelli47, A. Antonov97, J. Antos145b, F. Anulli133a, M. Aoki65, L. Aperio Bella18, R. Apolle119,d,
G. Arabidze89, I. Aracena144, Y. Arai65, J.P. Araque125a, A.T.H. Arce45, J-F. Arguin94, S. Argyropoulos42, M. Arik19a,
A.J. Armbruster30, O. Arnaez30, V. Arnal81, H. Arnold48, M. Arratia28, O. Arslan21, A. Artamonov96, G. Artoni23, S. Asai156,
N. Asbah42, A. Ashkenazi154, B. Åsman147a,147b, L. Asquith6, K. Assamagan25, R. Astalos145a, M. Atkinson166, N.B. Atlay142,
B. Auerbach6, K. Augsten127, M. Aurousseau146b, G. Avolio30, G. Azuelos94,e, Y. Azuma156, M.A. Baak30, A.E. Baas58a,
C. Bacci135a,135b, H. Bachacou137, K. Bachas155, M. Backes30, M. Backhaus30, J. Backus Mayes144, E. Badescu26a,
P. Bagiacchi133a,133b, P. Bagnaia133a,133b, Y. Bai33a, T. Bain35, J.T. Baines130, O.K. Baker177, P. Balek128, F. Balli137, E. Banas39,
Sw. Banerjee174, A.A.E. Bannoura176, V. Bansal170, H.S. Bansil18, L. Barak173, S.P. Baranov95, E.L. Barberio87, D. Barberis50a,50b,
M. Barbero84, T. Barillari100, M. Barisonzi176, T. Barklow144, N. Barlow28, B.M. Barnett130, R.M. Barnett15, Z. Barnovska5,
A. Baroncelli135a, G. Barone49, A.J. Barr119, F. Barreiro81, J. Barreiro Guimarães da Costa57, R. Bartoldus144, A.E. Barton71,
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121 Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America
122 Petersburg Nuclear Physics Institute, Gatchina, Russia
123 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
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